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INTRODUCTION TO THE CONFERENCE 

By Charles Glen King 
The Nutiition Foundation^ Inc,^ New York, N. F. 

Research progress in the study of cancer is terribly discouraging to many 
people. This is very understandable because, aside from surgery and 
radiation therapy, so little of practical value or in the direction of basic 
understanding of the problem seems to have been accomplished. Yet we 
can scarcely doubt the successful outcome of intensive research effort. 
The limitation is primarily one of time and manpower. The challenge in 
cancer research, as measured in human values and in complexity of attack, 
is surely as great as in any field that a scientist could find. 

Basically, wc know that attempts to use shortcuts are likely to lead to 
disappointments, but wc also know that there is need to have the view¬ 
point of both the meticulous plodder and the impatient driver, i.c., those 
who have been aptly characterized as ‘Single variabilists” and “multiple 
variabilists”. 

It may seem disappointing that, after so much study of cancer, no one 
knows, in a fundamental way, the cause or nature of tumor development. 
Accordingly, a rational approach to prevention or cure seems extremely 
remote. Yet I think wc should be greatly encouraged, especially in nutri¬ 
tion research, by two findings that are firmly established, since they pro¬ 
vide powerful tools with which to work: 

(1) A variety of definite, pure compounds arc known that apparently 
initiate carcinogenesis, so that one can lay out a research program on a 
molecular basis. Unfortunately, wc do not know whether tlicsc com¬ 
pounds arc similar to the common causative agents in human cancer. 

(2) Under controlled conditions with animals, several substances that 
arc characteristic of natural diets can completely decide the issue of 
whether or not tumors will develop. Recent results with choline in rat 
feeding illustrate this in a striking manner. 

Besides the two major leads just cited, I think wc have reason to be 
encouraged by the discoveries that have been made in regard to caloric 
intake, percentage and composition of ingested fat, certain members of 
the vitamin B-complex (especially riboflavin), the more complex agents 
that can be transmitted in milk, and the availability of tracer elements 
with which to explore what happens inside normal and cancer cells. 

The New York Academy of Sciences and the Committee on Growth 
of the National Research Council are greatly indebted to those who have 

(3) 
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prepared papers for the program and to those who have consented to 
preside at the three main sessions. The research men who are working 
on widely scattered approaches to the cancer problem will, I am sure, 
enjoy both the formal papers and the discussions that will follow. 

Before turning to their presentation, I want to express a personal word 
of thanks to Mrs. Miner, Doctor Owen, Doctor Rhoads, Doctor Nigrclli, 
and to members of the Panel on Nutrition, Doctor Elvehjem, Doctor 
Woolley, and Doctor Vickery for their assistance in organizing the 
program. 



EFFECTS OF VARYING CALORIC INTAKE UPON 
TUMOR INCIDENCE AND TUMOR GROWTH 

By Albert Tannenbaum 

Depaitment of Cancer Research^ 

Michael Reese Hospital^ Chicago, Illinois 

That tumors might be dependent, in part, on nutrition, has been sur¬ 
mised for many years. This viewpoint was based, no doubt, on the simple 
but significant fact that nutrition is needed for the origin and growth of 
both individual cells and organisms. At first, the approach was specu¬ 
lative; in the past few years, however, the experimental attack has fur¬ 
nished much valuable information. 

The relationship of nutrition to cancer has many facets. These arc 
discussed in the original publications and in a review presented at the 
Gibson Island Cancer Conference of 1945 (Tannenbaum, 1945c). In 
fact, this limited presentation on the effects of varying the caloric intake 
upon tumor incidence and tumor growth has been taken, mainly, from the 
latter review. 

The origin or genesis of a tiunor must be differentiated from its sub¬ 
sequent growth. Actually, these arc two phases of the tumor process and 
they may be affected in different ways by an experimental procedure or 
agent. It is for this reason that incidence and growth of tumors arc 
discussed separately. 

EFFECTS OF CALORIC INTAKE ON THE 
INCIDENCE OF TUMORS 

The fact, now established, that caloric intake is a factor in the pio- 
duction of tumors was suggested to us in experiments, stalled in 19117, 
designed to evaluate the effects of various common food constituents. 
Although all the animals in these experiments were being fed ad libitum, 
some weighed less than others, and it appeared that fewer of the smaller 
animals developed tumors. These smaller mice had free access to food, 
but the exact food consumption in comparison with that of the others in 
the groups was not known. It was for these reasons that experiments 
were initiated to test the effect of simple underfeeding (giving the experi¬ 
mental mice about two-thirds of the ration consumed by the controls). 
It was found that simple underfeeding inhibited the formation of tumors, 
and the evidence suggested that the effect was produced by restriction 
of calories rather than by some specific food component. Therefore, other 
experiments were begun in which the restricted diet differed from the 
ad libitum diet in caloric (carbohydrate) value only. 

(5) 
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In PLATK I 5 10 mice of a typical experiment arc seen. Five are from 
the control group and five from the underfed group. The iind(Tfcd mice 
appeared normal, clinically, except that they were smaller and more active, 
particularly before feeding time, than the control mice. Actually, tlic 
underfed mice lived longer, on the average. Another intcTcsting feature 
was that the underfed mice revealed fewer pathologic changes of the 
heart, kidneys, liver, etc., than did the control mice of the same age. 

What arc the actual effects of simple underfeeding or caloric restriction 
on the incidence of tumors? A few typical experiments will be detailed, 
following which the main work in this field will be summarized, table 1 

Table 1 

The Effect of a Calorie-Restricted Diet on the Formation of 
Spontaneous Mammary Tumors in DBA Virgin Female Mice 



N42: ad-libitum controls 

N45: 

calorie-rcstrictod 


Mean 

Animals 
alive and 

Cumu¬ 

lative 

Mean 

Animals 
alive and 

1 Cumu¬ 
lative 

Age 

weight 

tumor- 

tumor 

weight 

tumor- 

tumor 

weeks 

gm. 

free 

count 

gm. 

free 

count 


20 

50 

0 

21 

50 

0 

40 

28 

48 

0 

19 

50 

0 

48 

30 

47 

1 

19 

50 


56 

30 

45 

2 

20 

49 


64 

31 

40 

6 

21 

48 

0 

72 

30 

35 

11 

20 

46 

0 

80 

29 

27 

16 

20 

41 

0 

88 

— 

15 

23 

— 

39 

0 

96 

— 

8 

25 

— 

31 


100 

— 

6 

26 

— 

29 

0 


' Animaln placed on c'Xpurimuntal diclb ut 10 weeks of uue. 


illustrates the striking effect on the formation of spontaneous mammary 
carcinoma in DBA virgin female mice. The mice of tlu' N'15 restricted 
group were fed and ate 2.0 grams of the basic ration, their average wi'ight 
being maintained at from 19 to 21 grams throughout the course of tli(‘ 
experiment. On the other hand, the mice of the N‘12 control grou]) were 
given the same amount of basic ration jdIus com starch. They ate, on the 
average, 3.0 grams of food daily, and grew at a normal rate. 

By 100 weeks of age, 26 animals in the group fed ad libitum had 
developed tumors, while none had appeared in the restricted group. This 
striking effect was not caused by deaths at an early age in the restricted 
group, for it is seen that, at 1 year, there arc actually 49, and at 100 weeks 
there are still 29, of the original 50 mice. These results clearly show that 
a calorie-restricted diet inhibited the fomiation of spontaneous mammary 
carcinoma in the mouse. 
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Table 2 


The Effect of a Calorie-Restricted Diet on the Formation of Induced 
Skin Tumors in DBA Male Mice* 



AO: (id-libitum controls 

A5: 

caloric-restricted 

Weeks 
after first 

Mean 

Animals 
alive and 

Cumu¬ 

lative 

Mean 

Animals 
alive and 

Cumu¬ 

lative 

applica- 

weight 

tumor- 

tumor 

weight 

tumor- 

liiinor 

tion* 

gm. 

free 

count 

gm. 

fiee 

count 

t 

23 

50 

0 

22 

50 

0 

0 

27 

50 

0 

20 

50 

0 

8 

31 

49 

0 

22 

50 

0 

16 

34 

41 

8 

21 

50 

0 

24 

33 

34 

15 

21 

47 

2 

32 

33 

26 

21 

21 

39 

5 

40 

32 

19 

25 

22 

37 

G 

48 

32 


29 

22 

33 

0 

56 



32 

21 

20 

11 

60 


u 

32 

20 

26 

11 


'• Ninetoon semi-weekly applicntlons of benzpyrene. 


t Diets stalled 4 weeks before first apyilication of careinoofon. 


In TABLE 2y the effect of a caloric-rcstricted diet on the formation of 
induced skin tumors is shown. The mice of both groups received tlic sanu* 
amount of carcinogen^ 19 semi-weekly applications of a 0.3 per c(‘nt solu¬ 
tion of 3:4-benzpyrenc in benzene given by means of a dropper to the 
skin of the intcrscapular area. The experiment was continued for 60 weeks 
after the first application of the carcinogen. The mice of the restricted 
group (A5) received 2.3 grams of the basic ration, while those of thc' 
control group (AO) received the same amount of basic ration plus 1.9 
grams of com starch. The mice of the restricted group maintained an 
average weight of 20 to 22 grams, while those of the ad libitum control 
group grew normally, reaching a maximum average weight of ?A grams. 
Only 11 tumors arose in the restricted group, in comparison with 32 in 
the control group fed ad libitum. Thus^ a calorie-restrict(‘d diet inhibited 
the formation of skin tumors induced by a carcinogcmic, hydrocarbon. 

Figure 1 represents the results obtained in an experiment with th(‘ 
sarcoma induced by 3:4-benzpyrcnc (a single subcutaneous injection, in 
the interscapular area, of 0.2 mg. of the carcinogen in 0.2 cc. of an oily 
fraction of lard). The curves of cumulative number of mice wilh induced 
sarcomas are given for the control group (N12) and the corresponding 
calorie-restricted group (N15). Here, again, the inhibiting effect of a 
calorie-restricted diet is seen. 

The results of these three typical experiments, utilizing different types 
of tumors, are representative of many experiments performed in diis 
laboratory. In every investigation, it was found that caloric restriction 
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PiGTjrai 1. Inhibition of the formation of induced sarcomas by means of a calorie-iestxicted 
diet. 50 animals in each sroup at beginning of experiment 

inhibited the formation of tumors. This inhibition was characterized by 
both a decrease in the total number of tumors and a delay in the average 
time of appearance of the tumors. 

Figure 2 is a general summary chart of the investigations concerned 
with the inhibitory effect of underfeeding or caloric restriction on tumor 
genesis. It represents the experiments performed in our laboratory as 
well as those of other investigators. The chart was prepared before the 
publication of the experiments of Larsen and Heston on spontaneous 
pulmonary tumors (1945), those of Rusch, Johnson, and Kline (1945b) 
on induced sarcomas, and our experiments with the spontaneous hepa¬ 
tomas in male C3H mice. The results of these investigations arc not given 
in the figure, but are in agreement with those shown. 

The chart depicts the effects of underfeeding or caloric restriction on 
five different types of tumors in mice: spontaneous mammary carcinoma, 
induced skin tumor, induced sarcoma, primary lung adenoma, and leu¬ 
kemia. The total height of the bar (cross-hatched and black) represents 
the incidence of tumors in the ad libitum or full-fed control group, while 
the lower component of the bar (cross-hatched) represents the incidence 
of tumors in the experimentally restricted group. The black portion of 
the bar, therefore, represents the inhibiting effect of the restricted diet. 

Those bars which have an experiment number below represent inves¬ 
tigations performed in this laboratory; those of other investigators are 
indicated by an appropriate initial. When there is no letter above the 
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baTj caloric restriction was achieved by limiting all components propor¬ 
tionately (simple underfeeding), by giving the restricted mice a liaction 
of the ad libitum ration. When C is above the bar, it implies carbohydrate 
restriction only; C+F above the bar indicates that the restriction was 
achieved by limiting both carbohydrate and fats. 

It is to be noted that all five types oi tumois respond to caloric 
restriction in the same way: fewer mice develop tumois. In the early 
experiments (Tannenbaum, 1940a, 1942) we chose four different kinds 
of tumors. These randomly selected types of tumors, readily available 
for investigation, were all affected by caloric rcstiiction. It appeared, 
therefore, that there must be some generality in the effect. Since then, 
excellent investigations by Visschcr and associates (1942), Saxton, Boon, 
and Furth (1944), White and her associates (1944), Rusch and associates 
(1945a, 1945b), and Laisen and Heston (1945) have confirmed these 
observations anci have extended them to other tumor types and to spon- 

EFFECT OF UNDERFEEDING ON THE INCIDENCE OF TUMORS 



PERCENT TUMORS IN AO UBITUM 6R0UP pERCENf TUMORS IN RESTRICTED 6R0UP 

Fiourb 2. Effect of xestiicted food intake on the incidence of various types of tumors 
in mice. See text for general dcbcription of chait. P: Saxton, Boon, & Fnrfh, 1944; R; 
Rnsch et al., 1946a, V; Visscher et al., 1042, W- White et al., 1044. The remaining columns 
were drawn from Tannenbaum, 1940a, 1942, 1945a, 1945h: experiments N5, a25, a5 from 
unpublished data. 


PorcsBt Mica wilt Toisais 
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tancous and induced leukemia. We now have data indicating that the 
spontaneous hepatoma of the C3H male mouse is allccted in tlic Stimc 
way (Tannenbaum, 1945b). Thus, at least 8 dilferent types of tumors 
and leukemia of the mouse arc inhibited by caloric restriction. Further¬ 
more, as yet no tumor has been found that does not respond in this way. 

There arc probably many factors that affect the actual degree of inhibi¬ 
tion that occurs in a particular experiment. For example, it is likely 
that the kind of tumor is such a factor (see figure 2). Without discussing 
the details of each experiment, it appears that, as a whole, the spontaneous 
mammary and lung tumors, and spontaneous hepatoma arc inhibited by 
caloric restriction to a greater extent than arc the induced skin tumors 
which, in turn, respond more readily than tlic induced sarcoma. These 
differences may be due to the relative malignancy of the tumors. The 
dosage of carcinogen (endogenous or exogenous), the degree of caloric 
restriction, to be discussed next, and other experimental conditions un¬ 
doubtedly arc important in the modification of the extent of the caloric 
effect. With the proper choice of tumor or dose of carcinogen, and a 
greatly restricted caloric intake, tumor formation may be inhibited to tlie 
extent that none appears. However, it is more important to stress the 
general nature and effect of caloric restriction than to emphasize the 
sensational effect (no tumors at all) that may occur through a combina¬ 
tion of proper experimental conditions and drastic caloric restriction. 

Effect of Varying the Degree of Caloric Restriction. Most of the 
investigations on the effect of caloric restriction have been performed 
by feeding the experimental group approximately 60 per cent of the caloric 
intake of the control group. It would be important if smaller degrees 
of restriction would also result in a significant effect. It was with tliis in 
mind that investigations utilizing graded caloric intakes were ]5erformcd 
(Tannenbaum, 1945a, 1945b). 

These experiments employed the spontaneous mammary tumor, spon¬ 
taneous hepatoma (unpublished), and the induced skin tumor. The 
restricted diets, which differed from one another and from the ad libitum 
diet only in the amount of carbohydrate, ranged from apjjroximately 
60 to 90 per cent of the ad libitum diet, in caloric value. This was accom¬ 
plished by feeding the restricted groups and the ad libitum group of a 
particular series the same amount of Purina Fox Chow meal and skimmed 
milk powder, and adding different amounts of corn starch to the several 
diets. 

Though space docs not permit a detailed review of these experiments, 
it can be said that, in general, the results indicate that the inhibition of 
tumor formation is dependent on the degree of caloric restriction, that is, 
the lower the caloric intake the greater the tumor inhibition. A tentative 
curve, based on the actual results, of the relationship of graded caloric 
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Meon Daily Caloric intake 

(expressed as percent of ad-libitum caloric intoke) 

KioiiRn 3. Tcnintivo composite* curve showinff rlepcndcncc of tumor incidopco on (lojyrcc of 
caloric tcstiiclioii (loshiclion in carbohydiale only). 

restriction to the formation of spontaneous mammary tumor, spontaneous 
hepatoma, and induced skin tumor is given in figure 3. At the present 
time, the evidence suggests that the curve has a modified / shape. Under 
certain experimental conditions, this may be quite obvious, while under 
others it may be difficult to distinguish from a linear relationship, par¬ 
ticularly if only a few scattered levels of caloric restriction arc studied. 

Effect of Dosage of Carcinogen. The question arose as to whether 
the effect of caloric restriction on tumor formation might be obliterated 
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in such instances where the carcinogenic stimulus is massive rather than 
moderate or mild. This has been tested in an experiment (Tannen- 
baum and Silverstone, 1946a) where 4 groups of mice were utilized: 
2 of the groups were placed on a calorie-restricted diet, one receiving a 
moderate and the other a massive dosage of carcinogen. Each of these 

Table 3 

The Effects of Caloric Restriction as Influenced by Dosage 
OF Carcinogen 


0.3% 

Benzpyrene 

in 

benzene 

Diet 

Num¬ 
ber of 
mice 

1 Per¬ 
centage 
of 

tumors 

Time of appearance of skin tumors in weeks 

i 

Mean 

Vari¬ 

ance 

Difference 

between 

means 

Signi6 

i 

diffc 

t 

cance* 

Df 

Tcnce 

P 

Moderate 
dosage 
(19 appli¬ 
cations) 


49 

65 


, 178 

9.7 ± 4.6 

2.1 

<.05 

calorie- 

restricted 

(A5) 

50 

22 

38.0 ± 4.0 

172 

High 
dosage 
(50 appli¬ 
cations) 

ad-libitum 

(A60) 

49 

96 

16.3 ± 0.5 

10.3 

4.4 ± 0.81 

5.5 

<.001 

calorie- 

restricted 

(A65) 

48 

90 

20.7 ± 0.7 

18.3 


* t and P refer to Fisher’s teat for the sisniflcance of the difference between two means 
(Fisher, 1938). The values for the groups given the massive dosage of carcinogen have 
“gi eater” statistical significance. 


groups had its own control fed an ad libitum diet. The results are shown 
in TABLE 3. The effect of caloric restriction on tumor incidence observed 
with the moderate dosage of carcinogen was obliterated by the massive 
dosage. In contrast, the massive dosage actually emphasized the statistical 
validity of the difference in the mean time of appearance of the tumors. 
Thus, even with a massive dosage of carcinogen, the effect of caloric 
restriction on tumor formation is still apparent. 

Caloric Restriction During Different Stages of Carcinogenesis. 

On three cKcasions, experiments had been performed on the effect of 
caloric restriction on die formation of mammary carcinoma in DBA 
females. The experiments differed in the type of iets used, but in ea(di 
case a striking inhibition of tumor formation was observed. The data are 
briefly given in table 4. 
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Table 4 

Effect of Institution of Restricted Diets at Different Ages on the 
Formation of Spontaneous Mammary Tumors in DBA Mice 


Experimental groups 

Number of mice in 
group 

Experi¬ 
mental diets 
started at 
(average 
age) months 

Mice developing mam¬ 
mary tumors by 20 
months of age 

Restricted 
per cent 

ad libitum 
per cent 

Restricted 

ad libitum 

Restricted 

ad libitum 

F15 

F12 

44 

44 

9 

5 

25 

F25 

P32 

50 

50 

5 

2 

40 

N45 

N42 

50 

50 

2 

0 

38 


One noteworthy difTcrencc in the experiments was the age of the mice 
at the time the investigations (and the experimental diets) were started. 
This was 9, 5, and 2 months^ respectively. The comparable inhibitory 
effects on tumor formation obtained in these 3 experiments suggested 
that the formation of spontaneous mammary tumors in the DBA strain 
can be inhibited if caloric restriction is instituted at any time before 
9 months, which is the time when tumors begin to appear. This further 
suggested that the inhibitory effect of caloric restriction may be exerted 
chiefly during the period in which tumors appear, rather than in the 
previous period of carcinogenic preparation of the mammary tissue. This 
concept was confirmed in an experiment (Tannenbaum, 1944) in which 
different groups were all given carcinogen applications to the skin but 
varied as to the time at which the calorie-restricted diets were instituted. 
Caloric restriction produced its effect even when instituted just before 
the tumors began to appear. 

Implications of Caloric Restriction. The inhibitory effect of caloric 
restriction on tumor formation has significance in other fields of cancer 
research. It is possible that a particular experimental procedure may 
retard the growth or decrease the food intake of the experimental animal. 
In such instances, any inhibitory effect on the formation of tumors may 
have no direct dependence on the experimental procedure, except as the 
latter affects body growth and caloric intake. For example* we have 
found that such diverse procedures as the incorporation of sodium fluoride 
or dinitrophenol in the diet, or keeping the experimental mice in a cold 
room (at about 50° F.) on a caloric intake equal to that of control mice, 
markedly inhibited the formation of spontaneous mammary tumors 
(Tannenbaum and Silverstone, 1946b). The sodium fluoride caused a 
voluntary restriction of food intake, while the other two procedures accele¬ 
rated the metabolic rate (however, since food intake was not permitted 
to increase, the resultant effect was an imposed “restriction”). In all 
three cases, the animals weighed decidedly less than the control mice. It 
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is very likely that the decreased incidence of mammary carcinoma was 
not principally dependent on the sodium fluoride, dinitrophenol, or the 
low environmental temperature, but was rather m('diatcd through their 
effects on food intake, food requirement, and l)ody growth. 

EFFECTS OF CALORIC RESTRICTION ON THE 
GROWTH OF TUMORS 

There arc many reports on the retarding cflcct of underfeeding on the 
“growth” of transplanted tumors (Moreshi, 1909; Rous, 1914; Sugiura 
and Benedict, 1926; Bischoff and associates, 1935). Later, BischofT and 
Long (1938) demonstrated that the inhibition of growth was due to 
caloric restriction per se (restriction of cither starch or fat only). In at 
least some of these investigations, there was not a clear separation between 
the establishment and the growth of the tumors. 

In this laboratory, the effects of either simple underfeeding or caloric 
restriction on the growth of tumors, already established, have iDCcn studied. 
Spontaneous mammary carcinoma ari.sing in underfed or calorie-restricted 
mice appears to grow at approximately the same rate as tumors arising in 
full-fed controls (Tannenbaum, 1940a). On the other hand, the rate 
of growth of this same type of tumor arising in full-fed animals is signifi¬ 
cantly diminished when the animals are subsequently underfed. 

Sarcomas induced by subcutaneous injection of 3:4-bonzpyrcnc grow 
at only a slightly lower rate when formed in underfed animals (Tannen¬ 
baum, 1942). Sarcomas arising in full-fed mice grow at a slower rate 
after the animals arc placed on a calorie-restricted diet, but the mean 
life span of the sarcoma-bearing mice is not increased by the underfeeding 
(unpublished). 

In experiments with transmitted mouse leukemia, Flory, Furth, Saxton, 
and Reiner (1943) found that, with some strains of leukemia, under¬ 
feeding, as compared with an ad libitum diet, prolonged the lives of 
animals previously given intravenous inoculations of leukemia cells. In 
one experiment with myeloid leukemia 106, the average survival of 
underfed mice was 29 days, in comparison with 16 days for the control 
mice. On the other hand, in experiments with myeloid leukemia 1712, 
the average life span was unaffected or even shortened somewhat by 
underfeeding. In these investigations, the underfeeding was begun the 
day after inoculation, and the question arises as to whether the under¬ 
feeding delayed the establishment (“take”) of the leukemia or actually 
inhibited subsequent proliferation (growth). 

It appears that underfeeding or caloric restriction is not a practical 
means of affecting the growth of established tumors. Drastic caloric 
restriction can retard the growth of a tumor, but at the same time the 
body weight of the host also diminishes. It is questionable if the life span 
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of the tumor-bearing animal can be significantly increased by this pro¬ 
cedure. 

POSSIBLE ROLE OF CALORIC RESTRICTION 
IN HUMAN CANCER 

For many years, insurance companies have been studying the rela¬ 
tionship of various factors to the principal causes of death. Some of these 
studies consider the relationship of body weight to cancer mortality. A 
typical study is that of Dublin, who used approximately 192,000 records 
(1887-1921) of the Union Central Life Insurance Company for an 
analysis of cancer mortality. In this study, the policy holders, men who 
had bought insurance at 45 years of age and over, were classified accord¬ 
ing to weight at issue of policy. The distribution of cancer mortality witli 
regard to weight is shown in table 5. This study reveals a sufficiently 
consistent gradation in mortality rates to indicate that cancer incidence 
increases with increasing weight. 


Table 5 


Weight at issue of policy 

Cancer mortality per 
hundred thousand 

25 per cent or more overweight 

143 

15 to 25 per cent overweight 

138 

5 to 15 per cent overweight 

121 

Normal weight 

111 

5 to 15 per cent underweight 

114 

15 to 50 per cent underweight 

95 


A review (Tannenbaum, 19‘10b) of this and five other available insur¬ 
ance statistics studies indicated that individuals who arc overweight when 
past middle age are more likely to die of cancer than are persons of 
average weight or less. Coupling these results with those obtained with 
mice, it was concluded that the avoidance of overweight might result in 
the prevc 7 iiio?i of a considerable number of cancers in humans or, 
at least, the cancer process may be delayed in time of appearance. 

It is to be emphasized that the foregoing statement refers to tlic forma¬ 
tion of tumors. Present evidence suggests that it is unlikely that caloric- 
restriction is a practical means of alTecting the growth of an established 
tumor. However, there arc reasons for believing that caloric restriction 
might have an inhibiting cfTcct upon the establishment of tumor emboli 
or, possibly, very recently established mctastascs. 

SUMMARY 

There is considerable experimental evidence that caloric restriction 
inhibits the genesis or incidence of all types of mouse tumors that have 
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been studied, namely, induced skin tumors, induced sarcomas, spontaneous 
mammary carcinomas, spontaneous lung adenomas, spontaneous hepa¬ 
tomas, and spontaneous and induced leukemia. Fewer mice develop 
tumors, and these appear, on the average, at a later time. The inhibitory 
effect is dependent on the degree of caloric restriction, the type of tumor, 
and the dosage or potency of the carcinogen. It is probable that the 
main influence occurs during the development of the tumor rather than 
during the preparatory stage. 

The growth of tumors can be inhibited by caloric restriction, but the 
host also loses weight. Present evidence docs not suggest that caloric 
restriction may affect the growth of tumors in a practical, useful way. 
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TANNENBAUM* EFFECTS OF CALORIC INTAKE ON TUMORS 



STUDIES ON THE MECHANISM OF THE EFFECTS 
OF FATS AND OTHER DIETARY FACTORS ON 
CARCINOGENESIS BY THE AZO DYES ^ 

By J. A. Miller 

McArdle Memorial Laboratory, Medical School, University of Wisconsin, 
Madison, Wisconsin 

One phase of the studies'*^ by the Wisconsin groupf on the carcinogenic 
azo dyesj has concerned the great effect that diet can exert on the activity 
of these substances for the liver of the rat. In our initial studies,-* ^ we 
confirmed both the report of Nakahara et that the inclusion of 10 
per cent whole liver powder in the diet would greatly retard the devel¬ 
opment of liver tumors in rats fed p-dimethylaminoazobenzene, and the 
duplication of this effect in terms of high riboflavin and casein supple¬ 
mentation as later reported by Kcnslcr et alS^ Our subsequent work was 
directed towards (1) the development of a satisfactory purified diet for 
the production of liver tumors in the rat by feeding this azo dye and 
(2) an assay procedure for evaluating the effects produced by changes 
in this diet. For assay purposes, we have routinely fed the test diets 
containing 0.06 per cent of p-dimcthylaminoazobenzcne for 4 to 4}/^ 
months to young adult rats of the Spraguc-Dawicy strain,§ ascertained 
the tumor incidence and the degree of cirrhosis at this time by performing 
laparotomies, and made the final tumor count after 2 additional months 
on the same diet without the dye to allow latent tumors to develop. The 
composition of the purified diet which has proved satisfactory under these 
conditions is given in table 1. In general, when 2 mg. of riboflavin were 
added per kg. of diet, a tumor incidence of about 30 per cent was obtained 
at 4 to 4/2 months, although occasionally no tumors were detected at 
this time. By 6 to 6/2 months, 50 to 80 per cent of the rats had devel¬ 
oped neoplasms in the liver, which establishes a convenient range for the 
detection of both the stimulation and the inhibition of tumor develop¬ 
ment by changes in this diet. While most of our work has been done 
with dye-feeding periods of 4 months followed by 2 months on the dye- 
free diets, within the past year and a half the Spraguc-Dawley rat has 
appeared to be somewhat less susceptible to tumor development with 
this diet. Accordingly, we now either feed the diet containing 2 mg. of 

' These studies were aided by grants from the Jane Coffin Childs Memorial Fund for Medical 
Research, and from the National Cancer Institute. 

t Most of this research has been carried out W Dr. E. C. Miller, Mr. B. E. Kline, Prof. 
H, P. Rusch and myself at the McArdle Memorial Laboiatory, and by Pi’of. C. A. Baumann 
and his associates in the Depat tment of Biochemistry. 

t For a summary of the research on these dyes through 1944, see reference"^. 

§ Sprague-Dawley, Inc., Madison, Wisconsin. 

(19) 
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riboflavin per kg. for an extra 2 weeks, or lower the riboflavin content 
to about 1.5 mg. per kg. to obtain the tumor incidenecs previously 
reported. 


Table I 

Control Diet for Medium Tumor TNeinicNOE 
(grams per kilogram) 


Casein (vitamin low) 

120 

Glucose 

790 

Corn oil 

50 

Salts mixture 

40 

p-Dimcthylaminoazobcnzcnc 

0.6 

Riboflavin 

0.001-0.002 

I'hiamine hydrochloride 

0.003 

Pyridoxinc hydrochloride 

0.0025 

Calcium pantothenate 

0.007 

Choline chloride 

0.030 

Halibut liver oil 

1 drop/rat/month 


Table 2 

Dietary Factors that Alter the Garcinooenicity of 
P~Dimethylaminoazobrnzknk 



Tumor incidence at 

Diet 

4!/^! months 
(end of dye 
feeding) 

65^ months 

Control (5% com oil) 

per cent 
0-30 

per cent 

50 80 

High riboflavin (5X control) 

0 

0 

Hydrogenated coconut oil (IICNO) 

0 

0 8 

Fatty acids of IICNO 

0 

0 

Laurie acid (2 /^ %) 

0 

0 

Low fat 

0 

20 

Egg white 

0 

0-14 

Detergent (0.25%) 

0 

0 

Rice bran extract (2% “Vitab”) with crude 
casein 

60*.80 

nioo 

(5}4 months) 

Com oil (20%) 

80-100 

100 

(5^2 months) 

Low riboflavin (/sX control) 

60 

90 


Table 2 is a summary of some of the effects which changes in diet 
have on the carcinogenicity of p-dimethylaminoazobcnzenc. Complete 
protection against tumor formation was obtained if the riboflavin con¬ 
tent of the control diet was raised to 10 mg. per kg,, 5 times the level 
in the control diet. This is a duplication of the riboflavin-casein effect 
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observed with the rice-carrot diet,® since the diet contained adequate 
protein. A similar protective effect has been obtained by replacing the 
com oil in the diet by hydrogenated coconut oil, the fatty adds of this 
fat, or its chief constituent, lauric acid.®- ® If the com oil was replaced 
by glucose, the resulting low fat diet allowed only a low tumor incidence®* ®. 
The latter diets are characterized by their low content of the essential 
fatty acids. The typical syndrome produced by a lack in these nutrients 
appeared after the diet was fed for 2 to 3 months, but the prevention of 
this deficiency by ethyl linolate supplementation did not affect the tumor 
inddence®. The tumor incidence was also very low when the casein in 
the diet was replaced by egg white^® at equivalent riboflavin levels, even 
though the resulting biotin deficiency syndrome was prevented by the 
injection of sufiident biotin. More recently, we have found that the 
addition of 0.25 per cent of either of two commcrdal synthetic detergents, 
known as Penetrants 4 and 7,* completely prevented the appearance of 
tumors by 6 months.^^ Conversely, the tumor inddence obtained with 
the control diet can be increased to 60-100 per cent at 4 to 4J4 months 
and to 90-100 per cent at 5J4, 6, or 6/j months, by (1) replacing the 
crystalline B complex in the diet by a rice bran extract characterized by 
low riboflavin content,® (2) lowering the riboflavin content of the diet 
to 1 mg. per kg., or (3) raising the level of com oil in the diet to 20 per 
cent.® 

Table 3 presents, in detail, the effect of two of these strong dietary 
inhibitors, riboflavin and hydrogenated coconut oil, on a cardnogen 
stronger than p-dimethylaminoazobenzene and a carcinogen weaker 
this dye.^®> ^® m’-Methyl-p-dimethylaminoazobcnzene is about twice as 
active as the unsubstituted dye, since the tumor incidence when 0.032 
per cent of the m’-methyl compound was fed for 4 months was slightly 
higher than that obtained with twice the molar level or 0.060 per cent 
of p-dimethylaminoazobenzenc. However, the inhibition obtained with 
riboflavin and hydrogenated coconut oil was not nearly as marked, even 
when the more active dye was fed at low levels, as when p-dimeth- 
ylaminoazobenzcnc was given. Similarly, these inhibitors showed only 
small effects in a single experiment in which a high level (I /2 molar) 
of a weak cardnogen, o’-mcthyl-p-dimcthylaminoazobcnzcnc, was em¬ 
ployed. Hence, some of the dietary effects known for p-dimcthylaminoazo- 
benzene may be relatively spcdfic for this dye. 

A common basis has been sought for the effects produced by the several 
changes in the control diet on the carcinogenicity of p-dimethylaminoazo¬ 
benzene. Since complete protection against tumor formation by 6 months 
can 1» effected simply by lowering the concentration of the azo dye in 
the ^et from 0.06 to 0.03 per cent,® we studied both the stability of the 
dye in these diets and its metabolism under different dietary conditions. 

* Branched chain alkyl sulfates manufactured by Carbide and Carbon Corporation. 
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Table 3 

Effect of Diet on the Activity of a Strong and a Wp.ak Carcinogen 



1 


Liver tumors 

■ 



Time 




Negative 

Percentage 


dye was 

At end of 

Two 


survivors 

of dye in 


fed 

dye feed- 

months 


2 months 

diet 

Diet 

months 

ing 

later 

Per cent 

later 


rrY-Methyl-p-dimethylaminoazobenzfne 


.048 

Control 

3 

6/13 

11/13 

83 

2 

<c 

HGNO 

(( 

6/14 

12/14 

86 

2 

(C 

High riboflavin 


3/15 

9/15 

60 

4 

.032 

Control 

4 

9/15 

12/15 

80 

3 

(C 

HCNO 

hC 

5/15 

8/15 

53 

5 

(( 

High riboflavin 

(( 

5/15 

7/15 

47 

6 

.026 

Control 

7 

3/14 


21 


(( 

HCNO 


4/11 

— 

36 


c< 

High riboflfivin 

<c 

1/14 

— 

7 

— 


o'-MelhyUp-dimethylaminoazohenzene 


.096 

Control 

4 

1/14 


■■ 

2 


HCNO 

« 

4/13 



4 

<( 

High riboflavin 

<c 

3/13 


mm 

7 


Studies showed that the control diet could be exposed at room tcrniiera- 
ture for at least 1 to 2 months without any destruction of p-dimethyl- 
aminoazobenzcnc or development of obvious rancidityJ However, once 
the diets containing corn oil became rancid, destruction of tlie dye was 
found. As one would expect, neither rancidity nor destruction of dye was 
obtained with the low fat or the hydrogenated coconut oil diets, although 
they are protective in nature. Kensler' ‘ has observed a rapid cU'nu'thyla- 
tion of p-dimcthylaminoazobcnzone in one of his fri'shly mixed dii'ts. 
However, we have found no evidence of demethylation* iirior to ing(“s- 
tion with any of our diets, unless tliey were rancid. When a corn oil 
diet was cxpo.scd, at room temperature, for 3 months, at k'ast .')() piT 
cent destruction of the dimethyl compound occurred, as wi'll as variahli* 
amounts of demethylation to p-monomcthylaminoazob('nzene. No 
p-aminoazobenzene was detected. Perhaps it should be recalled here 
that the dimethyl and monomethyl compounds arc, essentially, equally 
strong carcinogens,^'* whereas p-aminoazobcnzenc is non-carcinogenlc.*“ 
Since we mix our diets for only 10-day feeding periods and even refrigerate* 
the high fat diets, it does not seem possible to ascribe any of the dietary 


* See reference ” for method. 
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effects which we have ol)servcd to loss or alteration of the dye prior to 
ingestion. We have recently found that the dcmethylation occurring in 
the rancid diet can be duplicated, within a few days, with a more purified 
system, that is, p-diinethylaininoazobenzene can be dcmcthylatcd to 
p-rnonomcthylaininoazobenz('ne in tlu‘ presence of autoxidizing linolcic 
acid with yields of up to 85 p<'r cent and with a loss of dye amounting 
to approximately per cent afUn* 5 days. Small amounts of p-aminoazo- 
benzene appeared early in th(‘ oxidation but disappeared later. 

We have also dt'U'rinined the levels of the 3 free azo dyes found in the 
body after p-dimethylaminoazobenzene was fed in these diets.^^ No sig¬ 
nificant changes were found in the amounts of these dyes in the liver or 
in the level of i)-aniinoazobenzene in the blood. The level of the latter 
dye in the blood would seem to be a useful indicator of absorption, since 
its level in the blood varies dir(‘('tly with the concentration of p-diincthyl- 
aminoazobenzene in the dic‘t.^' Likewise, the urinary levels of the amino 
metabolites of the dyes which are ])redomiriantly p-aminophcnol and 
p-phcnylenc diamine' in conjugated form, and which together account 
for nearly 50 p(‘r (‘ent of tlu' ing(‘sted dye, were unaffected by dietary 
changes.^*^* Tlu' nu'tabolic* fate of the remaining dye, and possible 
variation under any of lh('st' dietary conditions, are still to be determined. 

Recently, w(' have made analyses of the liver for 3 B vitamins wliich 
have suggested a factor that appears to be common to many of the 
dietary effects obs(TV(‘d. Cirou|)s of rats were fed p-dimclhylaminoazo- 
benzene in various di(‘ts for 1!) we('ks, and the dye-free diets for 8 weeks 
thereafter. Other animals rc'ceivc'd the dye-free diets for cither 6 or 19 
weeks, the linu's at which the livers of rats from each of these groups were 
also analyzed, The rats wviv k('i)t in groups of 6 to 8 and fed weighed 
amounts of dic't ('ach day, so that th(' food intakes were kept at an average 
of 9 g. per rat per day. 'I’he levels of pyridoxine and biotin in the livers 
were dc'U'rmiiK'd by llic' growth of Saccharomyccs carlshci^vnsis and 5. 
cacvhiac, n'six'ctively, according to the general method of Atkin ct 
The riboflavin couK'nt was (U'lc'rmiiK'd by the fiuoromctric method of 
Conner and Straub.-*' 'TIk* ('lioitx' of the latter vitamin for analysis is 
obvious, because of its ability to inhibit the carcinogenic activity of the 
dye. Similarly, pro-carciiiogc'iiic effects have been claimed for both 
pyridoxine and biotin, 'riiough it luis been found that a deficiency in 
pyridoxinc' n'tards tumor dc'vc'lopmc'nt due to p-dimethylaminoazobcnzcnc, 
it was not im ludc'd in taiu.k 2, .since the effect has not been endrcly 
consistent and a ri'lativc'ly sc'v('r(' deficiency is needed to obtain protcc- 
tion.'*> In contrast to a ])yricioxinc deficiency, the inhibitors listed in 
TABLE 2 allow the rat to gain weight and even consume more dye than 
those fed the more carcinogt'nic diets. The pro-carcinogenic action of 
biotin has been obtained by du Vigneaud ct al?- and confirmed by 
Harris, Krahl, and Glowt's.-** In each instance, the effect was obtained 
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with diets high in riboflavin. Thus, it seemed important to determine 
how the levels of these two vitamins, which have been implicated in 
stimulating tumor development, varied with the protective character of 
our diets. In figure 1, the levels of pyridoxinc and biotin in the livers 
are shown, at 19 weeks. The results are expressed as micrograms of the 
vitamin per gram of ficsh weight. Similar icsults were obtained when 
the levels were calculated on a fat-free dry weight or on a nitrogen basis. 
The diets are grouped according to tumor incidence, and each bar rep¬ 
resents the average content of at least 3 livers. Since similar data at 
6 weeks were quite comparable to these, it appears that the levels were 
stable by that time. Administration of the dye lowered the level of each 
vitamin in the liver in nearly every case; the drop observed with the low 
fat diet was not significant. However, the amount of the decrease caused 
by the dye did not seem to be correlated with tumor incidence, and it 
should be noted that there is no evident correlation between the pyridoxine 



Vitob- 20% Low Control Low Fot 

Crodo Corn Oil Riboflavin 

Cowm 


Medium High HCNO Egg Detergent 
Riboflavin Riboflavin White 


k—High Temor jlf-T _J 

I Tumor Incidence 'T' Tumor incidence ^ 

PiGURB 1. The levels of biotin and pyridoxine in the livers of rats fed p- dimftt.HyiftTwtTinftwv . 
benzene in various diets. 
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or biotin contents of these livers and the protective character of the diet. 
The relatively low biotin content of the cgg-whilc group was not sui- 
prising, although these animals received 2 /ig. of biotin per rat 3 times 
each week by subcutaneous injection. This prevented any outward defi¬ 
ciency symptoms but did not alter the high protection offered by the diet.^^ 
The low level of biotin in tlie livers of the animals fed the control diet 
plus 0.25 per cent detergent is noteworthy, altliough these rats showed 
no symptoms of any deficiency, grew well, and had macroscopically normal 
livers at 6J4 months. All of the liver tumors were lower in their contents 
of these two vitamins than the normal livers or the contiguous liver tissue 
of the host. This is in general agreement with the findings of other 
investigators for these and other vitamins in the type of tumor under 
discussion, as well as in others. In particular, the biotin levels reported 
here agree well with previously published values.^'^ However, tlie 
pyridoxine content of the tumors given in figure 1 is decidedly higher 
than those reported by the Texas group This may be due to differ¬ 
ences in the pyridoxine content of tire diets and the procedure used for 
its liberation. 

In contrast to the results just discussed, the level of riboflavin in the 
liver correlated fairly well with the ability of a diet to protect against 
tumor formation. The data on this vitamin arc given in figure 2. Ilerc, 



_Tum of Incidence . % 


4^60-80 

80-100 

60 

0-30 

0 

0 

0 

0 

0 

0 

6'i / 100 

™( 5'. 

100 N 

mos / 

90 

50-80 

20 

0 

0 

0-8 

0-J4 

0 


Fiquri] 2. The levels o£ riboflavin in the livers o£ rats fed p-dimethylaminoazobenzene in 
various diets. 
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again, the dye produced a drop in the level of the vitamin in the liver 
that seems to be irrespective of the diet. Relatively low riboflavin levels 
of 9.6 to 10.6 micrograms per gram were found in the diets which per¬ 
mitted a high tumor incidence. The diets which gave medium to low 
tumor incidences produced medium riboflavin levels in the liver, of 13.4 
to 15,2 micrograms per gram, respectively. The diets that offered nearly 
complete to complete protection at 6 months produced the highest levels 
of riboflavin in the liver, varying from 15.3 to 19.4 micrograms per gram. 
Thus, a high riboflavin level in the liver was maintained on the protective 
diets, even though the intake of riboflavin in several cases was relatively 
low. The range of the values for the livers bearing tumors was 9.0 to 
11.9 micrograms per gram, with an average of 9.8 micrograms per gram. 
Again, the tumors were low in riboflavin, with an average of 4.4 micro¬ 
grams per gram. The values given for the livers and the tumors in the 
high tumor incidence groups correspond to those previously published 
by others'" for the rice-carrot diet, the diet that has been widely used 
for producing a high incidence of tumors with this dye. While no explana¬ 
tion is at hand for the effects produced by these diets on the level of 
riboflavin in the liver, it seems likely that at least part of the effect may 
be ascribed to intestinal synthesis of riboflavin. 

Other experiments from this university support the above data on the 
importance of the riboflavin content of the liver to carcinogenesis by 
certain of the azo dyes. Thus, Griffin and Baumann^® have found a 
rough correlation between the carcinogenicity of several azo dyes and 
their respective abilities to alter the level of riboflavin in the liver of the 
rat. m’Methyl-p-dimethylaminoazobenzene, the most active carcinogenic 
azo dye known, produced a much greater reduction of riboflavin in the 
liver than the very weak carcinogens, p’-methyl-p-dimethylaminoazoben- 
zene and o-aminoazotoluene. Carcinogens of intermediate activity, such 
as p-dimethylaminoazobenzenc and o’-methyl-p-dimethylaminoazoben- 
zene, produced intermediate levels of riboflavin, wliile the non-carcinogenic 
azo dyes, such as p-aminoazobenzene and azobenzene, produced only a 
slight drop in the level of this vitamin. 

In summary", it appears that the level of riboflavin in the liver of the 
rat is an important factor in determining the probability that a given 
liver will develop a tumor when p-dimethylaminoazobenzene is fed in 
various diets. Since other workers have not found a similar effect with 
spontaneous mammary tumors-'^ or with tumors due to methylcholan- 
threne,-''' it is possible that the action of riboflavin in counteracting 
carcinogenesis with this dye occurs prior to the carcinogenic process, ^.g., 
through detoxication. However, enzymatic systems containing riboflavin 
may be involved directly in the carcinogenic process initiated by the dye. 
In any case, the effect of riboflavin should be a good tool in further 
attacks on the nature of this carcinogenic process. 
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EFFECT OF DIET ON THE PRODUCTION OF LIVER 
TUMORS IN THE RAT BY N^N-DIMETHYL-p- 
AMINOAZOBENZENE 

By C. J. Kensler 

Laboratories of the Memorial Hospital, New York, N, Y, 

The production of liver tumors in rats by the administration of car¬ 
cinogenic azo dyes is unique in the field of chemical carcinogenesis, in 
that the diets used strikingly influence tumor incidence. However, the 
nature of this dietary effect, whether it should be attributed to altered meta¬ 
bolic rate or metabolic pathway of the carcinogen, changed ability of the 
cell to resynthesize one or more damaged components, or to other factors, 
is still unknown. In view of the fact that the literature on the effect of 
diet on the production of liver tumors by N,N-dimethyl-p-aminoazo- 
benzene (DMB) has been reviewed^* ® up to 1944 and that most of the 
new data will be covered by other papers in this publication, I should like 
to discuss certain areas of this problem which our group has partially 
explored. 

The discoveries of the carcinogenicity of the azo dyes,^ and of the 
dependence of their action on diet,^» ® were made while using a basal 
ration of brown rice. At the time our experiments were started, it 
appeared likely that the protective influence of diet might be due to one 
or more factors present in liver and yeast, and that the ensuing neoplasms 
might be the result of an “induced or conditioned deficiency”'^ of this 
dietary factor or factors. Consequently, our group retained the use of this 
basal ration.® As the work progressed, it became apparent that the influ¬ 
ence of diet was by no means simple. Some factors have been found 
which increase the resistance to tumor production, some enhance tumor 
production, and some have a dual action depending on the nature of the 
basal ration used. 

The protective effect of liver and yeast supplements to the basal brown 
rice ration immediately suggested the involvement of the B complex 
vitamins in this process. Measurement of riboflavin and a niacin- 
containing coenzyme, diphosphopyridine nucleotide, showed that the con¬ 
centration of these two factors was decreased in the livers of rats receiving 
the azo carcinogen N,N-dimethyl-p-aminoazobenzene (DMB) and, fur¬ 
thermore, that the riboflavin level in the livers of rats on the high tumor 
incidence basal ration was low even in the absence of the carcinogen.® 
The riboflavin levels were normal in livers of rats on a protective (liver 

(29) 
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1. Protective effect of various dietary supplements against the carcinogenic effect 
yellow. 


or yeast) diet.^» The experiments shown in figure 1 soon indicated 
that a riboflavin supplement, in the presence of adequate protein, increased 
the resistance of the rat to liver damage and tumor production by 
The protective effect of a riboflavin supplement has been confirmed on 
a variety of diets and in other laboratories, and can be considered as 
completely established.^^* 

The significance of this observation remains obscure. Suggestive evi¬ 
dence is at hand, indicating that riboflavin enzymes may be concerned 
in tissue protein resynthesis.^'^* The activity of several riboflavin- 
containing enzymes is decreased in the liver of riboflavin-deficient 
animals.^*^* Succinoxidase activity has also been reported decreased 
by one-third in livers of riboflavin-deficient rats, but not in the other 
tissues examined.^® A study from our laboratory showed that the ribo¬ 
flavin content of rat livers is reduced when low protein diets are fed, even 
though adequate riboflavin is administered, and that methionine, but not 
cystine, tended to counteract this effect.^® Livers from riboflavin-deficient 
rats also show a decreased ability to inactivate estradiol, although this is 
not specific for riboflavin deficiency. Thiamin deficiency and low protein 
intake, likewise, caused a failure of this function.^® Some reciprocal 
relation between thiamin and riboflavin levels in rat livers has been 
indicated.-^ 
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Preliminary experiments were carried out in collaboration with Drs. 
duVigneaud and Burk, in an attempt to elucidate the protein require¬ 
ment. It was found-^ that the complete replacement of the 36 per cent 
casein supplement by cystine, cystine and choline, or methionine did not 
afford much protection, whereas, when 18 per cent casein plus cystine 
and choline were fed, excellent protection resulted. A low riboflavin 
supplement also voided this protection. These experiments suggest that, 
although the methionine content of casein is probably important for pro¬ 
tection, there are other needs filled by the casein (other amino acids or 
unknown factors) which arc necessary for the maximum protective effect. 
The work of the Wisconsin group has indicated that protein level per se 
is probably not involved.'*^ 

Attempts were also made to achieve a protective brown rice diet by 
the use of supplements of liver and yeast fractions. Since the results 
with the yeast fractions arc in general agreement with the liver extract 
experiments, only they will be presented.-^ These fractions were obtained 
fronwDr. Clowes of Eli Lilly. The results of our tests are shown in 
TABLE 1. A liver extract (70 per cent alcohol) proved to be highly pro- 


Table 1 

Protection Afforded by Liver Fractions 



Number 

equiva¬ 

lents 

10% 

liver 

Days on 
DMB 
diet 

Number 

rats 

surviving 

Number 

normal 

Number 
with 
cirrhosis 
or bile duct 
hyperplasia 

Number 

with 

hepatoma 

or 

cholan- 

gioma 

Liver extract 

2 

139-160 

20 

17 


1 


0.4 

139-160 

20 

6 


13 

Anti P.A. fraction 

5 

150-216 

10 

6 


1 


1.3 

150-216 

10 

1 


7 

Flavin concentrate 

2 

150-270 

12 

8 


1 

Flavin residue 

3 

153-237 

17 

2 


7 

Flavin filtrate 

3 i 

153-237 

17 

15 


1 

Control diet 
(brown rice-carrot) i 

— 

124-160 

13 

0 

13 

13 

1 


tective when fed at a level equivalent to 20 per cent whole dried liver 
(that is, 2 equivalents of a 10 per cent liver supplement, which gives excel¬ 
lent protection), but was practically without effect at 0.4 equivalents. A 
purified anti-pernicious anemia fraction gave good protection at 5 equiva¬ 
lents but very little at 1.3 equivalents. A riboflavin concentrate from the 70 
per cent alcohol fraction, fed at 2 equivalents level, gave good protection. 
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A fraction of this riboflavin concentrate, soluble in 70-83 per cent alcohol, 
at 3 equivalents, gave little protection. However, an 84 per cent alcohol- 
soluble fraction at 3 equivalents gave good protection. Thus, several 
sub-fractions of liver have been found to afford marked protection. The 
Wisconsin group have found that a 70 per cent alcohol extract of liver 
will afford protection on their low protein diet.^^ xhe riboflavin, biotin, 
and nitrogen contents of our fractions will be discussed subsequently. 

Early in our work, in collaboration with Burk and duVigneaud,^^ it 
was noted that the addition of biotin to a brown rice protective diet 
decreased the protection. These experiments were confirmed with 
crystalline biotin on other diets. In addition, two vitamin concentrates 
have been found to exert a similar pro-carcinogenic effect when added 
to a browTi rice-casein diet. Small amounts (50 mg. per 10 g. of diet) 
of the liver flavin filtrate soluble in 84 per cent alcohol which, as the 
soL supplement (500 mg. per 10 g. of diet), gave good protection, when 
added to an otherwise protective riboflavin casein diet destroyed the pro¬ 
tective effect. Another supplement, ‘solvamine’, a vitamin concentrate 
from corn, when added in amounts containing 400 [xg, of riboflavin 
) a brown rice-18 per cent casein diet failed to protect the animals as 
a ribofla\dn-casein supplement does. These data are shown in table 2. 


Table 2 

Experiments Indicatt'^ i O-he Presence of a Pro-carcinogenig Agent in Two 
‘ ‘ Concentrates 


Supplement 

Days on 
diet 

Number 

rats 

surviving 

Number 

normal 

Number 

tumor 

1. 300 y Riboflavin + 18% casein 4- 





cystine -1- choline 


150-252 

19 

15 

0 

2. Same as (1) 4-50 mg. flavin filtrate 

150-210 

12 

3 

8 

3. 200 y Riboflavin H 

- 18% casein 

150 

16 

10 

1 

4. 200 y Riboflavin 4 

^ Bi + B. + P.A. + 





N.A. 4- K f 18^5^ 

0 casein 

150-230 

9 

8 

1 

5. Solvamir (containing 400 y Ba) 4- 





18% casein 


150-200 

10 

0 

8 


On the other basal diets, the Wisconsin group have noted an increased 
tumor incidence when Vitab, a rice bran vitamin concentrate, was used.^ 
Harris^® has observed that liver extracts that break down protection on 
their basal diets can be replaced by an equivalent amount of biotin to 
achieve the same effect. 

The analyses of our crude supplements (liver) for riboflavin, biotin 
(by Dr. Burk), and nitrogen, in^cate that in the case of the protective 
fractions we are dealing with something other than a riboflavin-protein 
protection. These results are shown in table 3. The protection afforded 
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Table 3 

Analytical Data on Various Liver Fractions 



Amount contained : 
supplement 

in daily 

Protection 
afforded as 
single supple¬ 
ment 


Riboflavin 

lAg* 

Biotin 

M-g* 

N-total 

mg. 

Liver extract, 2 EQ. 

130 

.49 

41.5 

+ 

Liver extract, 0.4 EQ. 
Anti-pernicious anemia fraction, 

26 

.10 

8.3 


5EQ. . ^ , 

Anti-pemicious anemia fraction, 

15 

.07 

6.0 

+ 

1.3 EQ. 

4 

.02 

1.5 

— 

Flavin concentrate, 2 EQ. 

126 

.30 

36.6 

+ 

Flavin filtrate, 3 EQ. 

121 

.35 

38.6 

+ 

Flavin residue, 3 EQ. 

63 

.01 

33.2 

Solvamine, 100 mg. 

400 

.01 

6.4 



by the anti-pernicious anemia fraction which was low in both riboflavin 
(20 jLig. per 10 g. of diet) and nitrogen (6 mg. per 10 g. of diet), is the 
most striking example. If the pro-carcinogenic activity of the liver flavin 
filtrate and solvaminc is to be attributed to biotin, we shall have to assume 
that this effect can be caused by as little as 0.01 (xg, of biotin per day. 

It is quite obvious that these experiments raised more questions than 
they answered. Further clarification is needed in ’ ns of the unknown 
factors in these fractions which possess marked anu- and possibly pro- 
carcinogcnic activity in DMB-fecding experiments. 

Table 4 


Dealkylation of Azo Dyes when Mixed with a Brown Rice Diet 


Sample 

'^rDMB 

TrMMB 

%AB 

1. 3% DMB in cottonseed oil—fresh 

2. 3C^> DMB in cottonseed oil—4 weeks old 

3. 0.06% DMB—^brown rice—2 weeks old 

4. 0.06% DMB—^brown rice—1 week old on bench 
in beaker covered with paper 

5. 0.06% DMB—^brown rice—^mixed and extrac¬ 
tion started within 20 min. 

6. 0.06% DMB—^brown rice—^heated at 90° C. for 
five days prior to mixing—extraction started 
within 20 min. 

100 

98.0 

69.1 

61.4 

84.2 

99.1 

0 

2,0 

27.1 

31.3 

13.4 

0.9 

0 

0 

3.8 

7.3 

2.4 

trace 

7. 0.06% DEB—^brown rice—1 week old 

<rrDEB 

%AB 

100 

0 

8. 0.06% DE-ol-B—^brown rice—1 week old 

r^DE-ol-B 

%AB 

100 

0 
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Diving the course of a study of the levels of azo dyes in tissues, blood, 
and stomach contents of rats fed DMB, it became apparent that DMB 
was being demethylated to N-methyl-p-aminoazobenzcne (MMB) and, 
to a much lesser extent, to p-aminoazobenzene (AB), when DMB in 
cottonseed oil was mixed with the brown rice diet. These data are pre¬ 
sented in TABLE 4. It can be seen that the bulk of the demethylated dye 
recovered was the monomethyl compound MMB. It is fortunate, in 
terms of interpreting the nutritional experiments which have been done 
using the brown rice diet, that MMB is approximately equal, in carcino¬ 
genic potency,^®* 27 DMB, and that DMB and MMB are apparently 
interconvertible in rat liver.^® The fact that the riboflavin and biotin 
effects were first detected using the brown rice diet, and later confirmed 
on other diets, indicates that the demethylation occurring in the diet does 
not invalidate the nutritional work. It makes it desirable, however, to 
use other diets where the dye is stable for future nutritional work. 

Recent experiments with the hydrocarbon carcinogens have indi¬ 
cated^®* that the process of carcinogenesis may be divided into three 
stages, viz.^ the preneoplastic stage, a stage at which the process is 
reversible, and the frankly malignant stage. The concept that carcinogens 
can alter the cell so that other non-carcinogens can complete the conver¬ 
sion to the neoplastic stage, has had no known counterpart in the field 
of the production of liver tumors by azo dyes. Sugiura’s feeding experi¬ 
ments®^* have shown that, if DMB is fed for less than 45 days, very 
few animals will develop tumors, no matter whether they are then fed 
a protective or non-protective diet. He has also foimd that, if the dye 
is fed for 80 or more days, most of the rats will develop liver tumors, no 
matter what diet they are put on after DMB feeding is stopped. If a 
protective diet is used, cirrhosis and bile duct hyperplasia are usually not 
seen, although the tumors continue to grow. However, his data for an 
intermediate period (61-63 days) indicate that the type of diet on which 
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Figure 2. Protective influence of ^et on liver tumor formation 
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the animals are placed exerts a marked influence on the final tumor 
incidence. These results are summarized in figure 2. It can be seen 
that most of the rats kept on the rice carrot diet, 29 out of 34, went on 
to develop tumors. However, only 2 out of 20 whose diet was supple¬ 
mented with dried milk, and 3 out of 12 supplemented with yeast, devel¬ 
oped liver tumor. In other words, we have here a suggestion that there 
is a stage, in the development of liver tumors by DMB, at which the out¬ 
come can be decisively influenced by diet alone if the administration 
of the dye is stopped. Experiments have shown that not more than a 
few micrograms of the methylated azo compound are present in the liver 
or other body tissues, except in the stomach contents when fed, at any 
time. This is in marked contrast to the 4000-6000 ju,g. that are destroyed 
by the rat per day. Hence, it is probable that this effect does not depend 
on increased destruction or detoxification of the azo dye but is dependent 
on the ability of the cell to restore a normal intracellular environment, 
provided the necessary building blocks are supplied in the diet during 
the critical period. Further examination of this effect should be of value 
in elucidating the role of diet in the final conversion of “damaged” cells 
into tumor cells. 

Up to the present time, no chemical evidence has been obtained which 
would indicate that the metabolic pathway of the carcinogen DMB is 
altered by the use of different diets, protective versus non-protective, 
although this point has not been adequately investigated. In the rat, 
DMB is split at the azo linkage, and the methyl groups are removed 
during the course of metabolism.®^ The Wisconsin group have reported^® 
that at least some of the methyl groups are removed before the azo linkage 
is split, and this finding has been confirmed.®® Ethyl groups are also 
removed from the “non-carcinogen” N,N-diethyl-p-aminoazobenzene 
(DEB).®» 

We pointed out that the aromatic diamine, p-phenylenediamine (an 
isolated metabolite of DMB), and related diamines will, when oxidized, 
inhibit enzymatic activity, presumably by combining with or oxidizing 
SH groups of the sensitive enzyme proteins.®®» ®® Potter®® extended 
these observations to urease and concluded that the inactivation was 
due to an irreversible combination with the SH groups of this enzyme. 
The biological data available at the time of our publications indicated 
that there might be a correlation between the carcinogenic potency of 
the azo dye and the toxicity (enzyme inhibitory-activity) of the aromatic 
diamine split product derivable from it. That all azo compoimds capable 
on paper of yielding the same split product did not possess the same 
carcinogenic activity was pointed out in our first paper.®"^ 2-(N,N- 
dimethyl-p-aminophenylazo) naphthalene and methyl orange were listed. 
More recent evidence has shown that three closely related methyl deriva¬ 
tives of DMB, the 2’methyl, 3’methyl and 4’methyl compounds, all 
capable of yielding the same aromatic diamine, differ greatly in their 
carcinogenic activity. Confirmation of this finding has not appeared in 
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the literature to date, but Dr. Sugiura’s experiments with the corre¬ 
sponding methyl derivatives of N-methyl-p-aminoazobcnzenc (MMB) 
show the same variation in carcinogenic activity. A recent paper, by 
Elson and Hoch-Ligeti,^® indicates that, in the case of urease, N,N- 
diethyl-p-phenylenediamine possesses approximately the same toxicity as 
p-phenylenediamine and less than N,N-dimethyl-p-phenylcnediamine. Of 
the three azo compounds from which these split products would be derived 
which are comparable (DEB, AB, and DMB), only DMB has unequivo¬ 
cally been shown to produce liver tumors. It should be pointed out that 
no attempts to produce tumors by the administration of metabolites of 
carcinogens (aromatic diamines in the case of the azo compounds) have 
been successful.^^' 

Liver slices in vitro have been found to be capable of destroying DMB^^ 
when incubated at 37° C. (see table 5). This made it appear likely 


Table 5 

Disappeail\xce of Azo Compounds (50 fig .) when Incubated with 200 mg. 
OF Tissue Slices at 37.5®G. for 90 Minutes 


Compound 

Tissue 

Number of 
experiments 

Average 

destroyed 

Range fig . 

DMB 

Normal liver 

5 

34.6 

29.0-40.8 

DMB 

Liver tumor* 

5 

11.6 

5.0-16.7 

AB 

Normal liver 

5 

38.4 

31.3-44.8 


Glafasified as cholansriomas on histologic examination by Dr. S. Spitz. 


that, if the carcinogen DMB were converted into toxic metabolites by 
liver cells, it might be possible to detect an inhibition of enzymatic 
activity in these slices. The only catalytic function so far investigated 
has been the oxidation of succinate. The succinoxidase system was 
selected for test, because it has been shown to be sensitive to inhibition 
by known and postulated metabolites of DMB, in our laboratory,-- by 
Potter"^® and, recently, by Elson and Hoch-Ligeti.'^^ In addition, Salter 
and his co-workers'^'^ have found that the activity of this system is decreased 
in the livers of rats, during the course of tumor production, by the oral 
administration of DMB. The activity of this system is generally quite 
low in tumor tissue, including liver tumors produced by DMB. 

As is shown in figure 3, the incubation of liver slices (150 mg. wet 
weight) in Ringer phosphate solution, pH 7.4, containing 100 fig. of 
DMB w^hich wns dissolved in ethanol before addition to the medium, 
resulted in a decrease of from 35 to 75 per cent of the control slice 
succinoxidase activity at the end of a 2-hour incubation period. No effect 
W’as noted at the 20-minute point. Presumably, the delayed inhibition 
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Figure 3. Inhibition of succinosida&e activity of rat liver slices by N,N>dlmetbyl-p- 
aminoazobenzene. 


is due to the conversion of DMB into metabolites which will inhibit SH 
enzymes, though this point has not been proved. No inhibition of the 
respiration of liver slices by DMB was observed in these experiments. 
This is in agreement with our earlier experiments and with the findings 
that the in vivo administration of DMB has no measurable influence on 
the Q 02 of liver slices^ and that the Q 02 of the resulting tumors is no 
lower than that of liver. Experiments are in progress to determine whether 
other closely related azo dyes, both carcinogens and non-carcinogens, will 
be destroyed to the same extent in vitro and inhibit enzymatic activity 
in the liver slices, and to ascertain whether these observations can be 
correlated with the carcinogenic potency of the azo molecules in vivo. 
It will also be of importance to ascertain whether or not the sensitivity of 
liver slices to this type of inhibition will be affected by the nutritional 
status of the rat. 

The evidence available at this time neither proves nor disproves the 
hypothesis^^ that the azo dyes and, possibly, other carcinogens, damage 
cells and produce tumors because the tissue effected continuously converts 
the original compound into metabolites which will inactivate certain 
cellular enzymes, thus producing an “induced or conditioned deficiency” 
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of this component. In the case of the production of liver tumors by the 
azo dyes, the preliminary evidence, shown in figure 2, indicating that 
there is a stage in this process at which tumor incidence can be decisively 
influenced by diet alone, when the feeding of the carcinogen is stopped, 
gives further support to this hypothesis. The recent success of two groups 
in producing liver tumors in rats by means of diet alone,a chronic 
choline deficiency, further emphasizes the possibility that chemical car¬ 
cinogens act by producing a local “induced deficiency” of the proper 
intensity and duration. 
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LEVEL OF PROTEIN INGESTION AND AN APPRAISAL 
IN TERMS OF PROTEIN COMPOSITION * 

By Julius White, Florence R. White, and G. Burroughs Mider 

National Cancer Institute^ National Institute of Healthy U. S, Public Health Service, 

Bethesda, Md., and University of Rochester, School of Medicine and Dentistry, 
Department of Pathology, Rochester, New York 

There is no doubt that the latent period of the induction of various 
types of tumors in both rats and mice can be altered by a variety of 
dietary restrictions. Tannenbaum^ has established that the level of caloric 
intake is an important factor in the formation of tumors in mice. Restric¬ 
tion in caloric intake resulted in a marked decrease in the incidence of 
every type of tumor studied. These results have been substantiated in 
other studies.^* ^ Other investigators^* ® have shown that certain vitamins 
of the B group can prolong the latent period of tumor formation. We 
have shown'^* ^ that the restriction of dietary cystine markedly retards 
spontaneous mammary tumor formation in strain C3H mice, and induced 
leukemia in the strain DBA mice. 

The retardation of body growth of young animals fed diets restricted 
either in calorics or cystine does not as such explain w^hy these animals 
develop fewer tumors and at a later time, than do the controls on a 
complete diet. Young mice maintained on a diet restricted in cystine 
and in which no body growth was apparent, showed no mammary tumors 
within a lifetime of 22 months, while the controls showed an incidence 
of almost 100 per cent. Yet, when the mice on the restricted diet were 
treated with stilbcstrol, the tumor incidence rose to 44 per cent.^® This 
striking difference indicated that the dietary deficiency reduced the tumor 
incidence by affecting certain glands of internal secretion directly and, 
hence, tumor genesis indirectly. Studies indicated that the mice on the 
restricted diets were ancstrous, that the mammary tissue failed to develop 
in the virgin and atrophied in the breeding female, and that implantation 
of stilbcstrol pellets in these mice resulted in growth of mammary tissue, 
continuous estrus, and a rise in tumor incidence (table 1). 

Young mice placed on an either cystine- or lysine-restricted diet may 
be equally retarded in growth. Painting with methylcholanthrene resulted 
in a low incidence of leukemia in the former group, while the incidence 
of leukemia in the latter was nearly as high as in the controls. These 
data indicate that, while dietary restriction of cystine results in a reduc¬ 
tion of induced leukemia, a lysine-restricted diet has no apparent effect, 

* Giateful acknowledgment Ik made to Pr. W. B. Heston for supplying the mice used in 
thi& investigationi 
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and that the mechanism for these differences may be due to an effect on 
some hormonal system (table 2). 

Table 2 

Effect of Diet on the Response of DBA Mice to Painting with 
Methylchol^nthrene 
(Data taken from While, Mider, & Heston 


Diet 

Number 

of 

mice 

Mice with leukemia 

Mice with sclerosis 

Number 

Per cent 

Mean 

latent 

period, 

days 

Number 

Per cent 

Mean 

latent 

period, 

da>s 

Dog chow 

40 

36 

90 

99 

0 



High cystine 

40 

36 

90 

101 

0 



Low cystine 

40 

4 

10 

127 

32 

80 

144 

High lysine 

36 

28 

78 

101 

2 

5.6 


Low lysine 

36 

26 

72 

104 

2 

5.3 



The marked difference in response by mice on these two regimes sug¬ 
gests that cystine played a role in the development of induced leukemia 
which was, perhaps, not associated with its effect as an essential amino 
acid for growth but with some other undetermined property. 

Weissman and Schoenheimer^^ have shown that lysine labeled with 
and administered to rats, can be steadily deaminated and yield its 
nitrogen for the formation of other amino acids. This is also true of 
other essential amino acids studied. However, only in the case of lysine 
does the reverse of this process not take place and lysine is never regener¬ 
ated but must be supplied as such in the diet. Because of this unusual 
property of lysine, it was felt that the study of the effect of some other 
essential amino acid on the incidence of induced leukemia was desirable. 

Accordingly, three diets ^vere prepared in such a manner that the 
amount of cystine, lysine, and tryptophane, respectively, would be con¬ 
siderably restricted not to allow growth (increase in weight) but to w'ar- 
rant indefinite maintenance. These same diets, each supplemented with 
the amino acid in which it was restricted, permitted good growth. Another 
group of mice was fed a Purina dog chow diet. 

Table 3 contains the various ingredients used in each diet. Inasmuch as 
the cystine-restricted diet was somewhat different from the one employed 
previously,*^ an additional comparison was made between the “new” and 
the “old” cystine-restricted diets. In our previous studies, w^e had used 
Ryzamin B #1 as part of our source of the vitamin B supplements, and 
liver extract (Lilly 343) to supply the remainder. However, the manu¬ 
facture of Ryzamin B #1 was discontinued and the product replaced 
by a Ryzamin B #2 which was a preparation nearly complete in the 
B vitamins needed. The use of liver extract was, therefore, discontinued. 
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Weanling strain DBA mice of both sexes were used. They were allowed 
to eat Purina dog chow until they reached a body weight of 16 g. Then, 
they were distributed amongst the nine diets, so that in no case was there 
more than one mouse of the same sex and litter in the same group. 
On alternate days, the mice were painted with a 0.2 per cent ether solu¬ 
tion of mcthylcholanthrenc, until 20 paintings had been applied. The 
painting site was changed with each application, as in previous ex¬ 
periments. 

The tryptophane-free protein was made available by treating casein 
with hydrogen peroxide according to the method of Toennies.^^ This 
process not only destroys the tryptophane but also the methionine and 
some of the cystine. By using 3 per cent untreated casein and 7 per cent 
hydrogen peroxide treated casein, a protein preparation was obtained 
which allowed no growth but excellent maintenance. rfZ-Methionine was 
added to this diet, to allow for that lost during the peroxide treatment 
of the casein. 

The restricted lysine diet was made by using 18 per cent gliadin as a 
source of protein. During the course of the experiment, it became 
apparent that this level of gliadin permitted the mice to grow (gain 
weight) slightly, rather than just maintain their weight as in the cystine 
and tryptophane groups. Therefore, it was necessary to add, for com¬ 
parative purposes, another group in which the restriction in growth on 
the lysine diet would approach that of the cystine and tryptophane diets. 
This was readily accomplished by reducing the gliadin content* from 
18 to 14 per cent. With the exception of the animals on the “old” 
cystine-restricted and cystine-supplemented diets (Groups I and I A, 
TABLE 3) as well as the group on chow (Group VI), all mice received a 
vitamin supplement, as shown in table 3. Food intake and weight 
changes were recorded semi-weekly. Each mouse was autopsied when 
evidence of leukemia was present grossly, or when the animal died from 
other causes. Sections were taken from each animal, and all gross obser¬ 
vations were followed by microscopic examination of stained sections. 

The results are summarized in table 4. The leukemias observed were 
similar in gross and microscopic appearance to those previously described 
in dilute brown mice painted with mcthylcholanthrenc. 

The mice that ingested the “old” cystine-restricted diet (Group I) 
showed an incidence of 27.5 per cent leukemia, as compared with 17.1 
per cent previously reported.'^ The “old” cystine-restricted diet supple¬ 
mented with 0.5 per cent Z-cystinc (Group lA) showed a 92.1 per cent 
incidence of leukemia, which was the same as previously reported. The 
mean latent period for the occurrence of leukemia in these two groups 
was 131 and 106 days, respectively. 

With the group of mice on the 14 per cent gliadin diets, an additional group of mice on the 
high cystine diet was used as a conti-ol. 
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Table 4 

Effect of Diet on Response of Strain DBA Mice to Methylgholanthrene 


Diet 

Effective 
number 
of mice 

Mice 

without 

neoplasm 

Leukemia 

Sclerosis of 

aorta 

Number 

Per cent 

Mean 

latent 

period, 

days 


Per cent 

Mean 

latent 

period, 

days 

I 

40 

29 

11 

27.5 

131 

26 

65.0 


lA 

38 

3 

35 

92.1 

106 

1 

2.6 


II 

40 

19 

22 

55.0 

113 

21 

52.5 


IIA 

38 

3 

35 

92.1 

97 

0 

0 


III 

39 

6 

33 

84.6 

136 

3 

7.9 

128 

IIIA 

40 

5 

35 

87.5 

91 

2 

5.0 

100 

IV 

39 

4 

35 

89.9 

124 

0 

0 

— 

IVA 

40 

4 

36 

90.0 

no 

0 

0 

— 

V 

38 

5 

33 

86.3 

105 

0 

0 

— 

VI 

38 

3 

35 

92.1 

119 

0 

0 

— 


Diet I : Basal cystine. 

Diet lA : Basal cystine + cystine. 

Diet n ; Basal cystine (new). 

Diet IIA : Basal cystine (new) + cystine. 
Diet III : Basal tryptophane. 

Diet III A: Basal trjrptophane + tryptophane. 
Diet IV : Basal lysine. 

Diet IVAj Basal lysine + lysine. 

Diet V ! Basal lysine (new). 

Diet VI : Chow. 


Groups II and IIA show the results obtained from animals on a diet 
similar to that of Groups I and lA. However, these animals received 
Ryzamin B #2 and other vitamin supplements instead of liver extract. 
The incidence of leukemia in Group II was higher (55 per cent), but 
considerably less than in the cystine-supplemented group (92.1 per cent). 
The mean latent periods were 113 and 97 days, respectively. A high 
incidence of sclerosis of the aorta was noted in the animals in group I 
(this was observed previously*^). The mean latent period for the appear¬ 
ance of sclerosis was 106 days. Hence, some of these animals might have 
developed sclerosis before leukemia would be observed. The incidence 
of sclerosis in Group II was 52.5 per cent, and the mean latent period 
121 days. In this group, the mean latent period of sclerosis was greater 
than that of the mice developing leukemia, so that leukemia could have 
developed before the onset of sclerosis. 

Groups III and IIIA, the tryptophane-restricted and supplemented 
animals, respectively, showed approximately the same incidence of leu¬ 
kemia, whidi was high in both groups. 

Groups IV and IVA, the lysine-restricted and supplemented animals, 
showed a high incidence of leukemia, about the same as the control 
animals on the chow diet. 
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Group V is the extra lysine-restricted group. This group was more 
restricted in lysine than was Group IV (14 instead of 18 per cent gliadin). 
This group was added since Group IV with 18 per cent gliadin allowed 
a slight gain in weight and was not comparable with Groups II and III. 
Group V also showed a high incidence of leukemia, being in the same 
range as Group III. The incidence of leukemia in Group II is approxi¬ 
mately half that found in Groups III, IV, and V. The control animals 
(Group VI) ingesting chow showed an incidence of 92.1 per cent leukemia, 
which compares favorably with previous reports.® 

The animals ingesting the restricted cystine, lysine, and tryptophane 
diets showed an average weight change, during ^e first 60 days of the 
experiment, of —0.2, +0A, and 0.0 grams, respectively, while the animals 
ingesting the same diets supplemented with cystine, lysine, and tryptophane 
showed average respective weight changes of +4.5, +6.2, and +5.3 
grams. 

These results seem to indicate that the induction of leukemia in strain 
DBA mice by painting with methylcholanthrene can be markedly influ¬ 
enced by the restriction of cystine in the diet, whereas similar restrictions 
of the essential amino acids, lysine or typtophane, have no apparent effect. 
A similar reduction in leukemia has been produced by caloric restriction.® 
It is true that the mice on the restricted diets consumed less food per 
animal, but, based on a unit of body weight, the food consumption of 
the restricted and supplemented groups were equivalent. Furthermore, 
if one considered this as a possible effect produced by caloric restriction, 
it would be difficult to rationalize the marked decrease in leukemia in 
the cystine-restricted group and not in the lysine- and tryptophane- 
restricted groups. 

SUMMARY 

A comparative study has been made of the effect of the restriction 
of cystine, lysine and tryptophane, respectively, on methylcholanthrene- 
induced leukemia in strain DBA mice. 

Each of the diets used was so restricted in one of the abovementioned 
amino acids that growth of young mice was prohibited but indefinite 
maintenance was possible. The same diets, each supplemented by the 
amino acid in which it was deficient, permitted good growth. 

There was no significant decrease in the incidence of leukemia among 
the mice on diets restricted in cither lysine or tryptophane. 

There was a reduction in the incidence of leukemia from 92.1 per cent 
(control group) to 55 per cent in the group of mice whose diet was 
restricted in cystine. 

The data indicate that, under the conditions of this experiment, cystine 
played a role in the development of leukemia not associated with its 
properties as an essential amino acid for growth, but with some other 
attribute not yet determined. 
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CARCINOGENIC EFFECTS ASSOCIATED WITH DIETS 
DEFICIENT IN CHOLINE AND RELATED NUTRIENTS * 

By R. W. EngeLj D. H. Copeland^ and W. D. Salmon 
Laboratory of Animal Nutrition, Alabama Polytechnic Institute, Auburn, Alabama 

INTRODUCTION 

There is ample evidence that hepatic cirrhosis may be produced in 
experimental animals by a deficiency of cholinc.^-^ The importance of 
this is emphasized by the common association of hepatic cirrhosis and 
primary cancer of the livcr^ in man. 

In 19463 Copeland and Salmom’ reported the occurrence of neoplasms 
in 40 of 69 rats restricted to a choline-deficient diet for 8 to 16 months. 
No neoplasms occurred in 19 litter-mate control rats fed^ for comparable 
periods^ on the same dict^ supplemented with 20 mg. of choline chloride 
per rat daily. 

It should be noted that, in 1942, Wcbster‘* reported the occurrence of 
neoplasms in 4 of 20 rats that received an addition of cystine to a diet 
containing 8 per cent casein and 40 per cent fat. Since spontaneous 
neoplasms did not occur in animals of the same age and strain subsisting 
on similar diets without added cystine, Webster suggested a relation 
between dietary cystine and neoplasms. Although the diets used by 
Webster were not supplemented with choline, 2 of the 4 rats developing 
neoplasms received 50 mg. of betaine hydrochloride per rat daily. This 
should have provided an adequate labile methyl supply. 

In 1945, a scries of experiments was begun, in this laboratory, to deter¬ 
mine whether neoplasms could be produced by other choline-deficient 
basal diets. Corn grits were used in some of the diets, in view of Salmon’s 
observation that this ingredient accelerated growth in rats fed diets low 
in casein.'’^ These experiments arc described in tlic following pages. 

PROCEDURE 

The composition of the diets used is shown in table 1. The dry 
ingredients were mixed thoroughly. The following accessory nutrients 
were mixed into each kilogram of diet: 50 mg. alpha-tocopherol, 5 mg. 
beta-carotene, 0.125 mg. calciferol, 2 mg. each of thiamin and pyridoxine, 
4 mg. of riboflavin, 10 mg. of calcium pantothenate, 20 mg. of nicotinic 
acid, and 200 mg. of z-inositol. The diets were stored at 1® G. and 

^ Publibhed with the appioval of the Director of the Alabama Asricultural Experiment 
Station. This work was bupported* in part, by a erant fi'om The Nutrition Foundation, Inc., 
New York, N. Y. 
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Table 1 

Percentage Composition of the Diets 


Diet No. 


Ingredient 

1 - 

46 

46Et 

47 

48 

49 

50 

Degenninated com 
grits 

40 

40 



40 


Water-extracted casein 

9 

4.5 

12 

12 

12 

15 

/-Cystine 

0.3 

0.3 

0.3 

0.3 

0.3 

0.3 

Sucrose 

31.7 

36.2 

82.7 

68.7 

28.7 

65.7 

Lard 

15 

15 


15 

15 

15 

Salts 5* 

Com oil 

4 

4 

4 

1.0 

4 

4 

4 


*J. Ntitr. SS: 156. 1947. 

t One-half of the animals receivinsr diet 46 were changed to diet 46E at the end of 6 months* 
or when mature body weight had been reached. 


replenished at approximately 10-day intervals. Animals that served as 
controls were fed the same diets, containing 2 gm. of choline chloride 
per kilogram. 

Weanling rats, 23 days of age and weighing approximately 45 gm., 
were housed individually in screen-floored cages and were fed daily. 
Food jars were replaced weekly. The animals were from a strain of 
hooded rats developed, by inbreeding, from stock originally obtained from 
Steenbock, at the University of Wisconsin, and propagated in this labora¬ 
tory since 1928. 

Since it was anticipated that losses would occur from hepato-renal 
damage in the animals receiving the choline-deficient diets, the kidneys 
were palpated twice daily during the early phases of the experiment. 
Whenever kidney enlargement was noted, choline chloride was adminis¬ 
tered in aqueous solution by stomach tube. This therapy was repeated 
at 8-hour intervals until the first indications of recovery were apparent, 
as determined by reduction in kidney size. From 2 to 9 doses of 20 mg. 
each were required. Acute hepato-renal damage appeared most com¬ 
monly between the first and second weeks of the experiment, but subse¬ 
quent damage was not infrequent and, in some cases, recurred as late 
as 10 to 12 weeks after the start of the experiment. This method of 
administering choline during the early phases of the experiment was 
adopted because it proved to be a considerably more effective means of 
keeping losses at a minimum than did choline feeding or injecuon. 

Autopsy material was preserved in Bouin’s fixative, and sections of 
tissue stained with hematoxylin and eosin were, routinely, examined 
microscopically. The animals were sacrificed by carotid bleeding when 
death appeared imminent or, if death had occurred, necropsy material 
was obtained within a few hours postmortem. 
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These experiments are still in progress. The present report includes 
data from 18 experimental animals that succumbed or were sacrificed 
between the fifth and eleventh months of the experiment. 

RESULTS 

Growth and Symptoms. Average mature body weights of the 
animals varied, depending upon the diet fed. For all diets used, the 
inclusion of choline chloride in the diet resulted in mature body weights 
100 to 150 gm. higher than were obtained with the corresponding choHne- 
deficient diets. Animals receiving diet 46 attained maximum body weights 
of about 400 gm., whereas the same diet without com grits (diet 48) 
resulted in mature body weights of about 300 gm. Increasing the protein 
content of either of these diets by increasing the casein 3 per cent (diets 
49 and 50) increased the final body weight only slightly. The low-fat 
diet (diet 47) produced slightly poorer growth Aan the same diet with 
15 per cent lard. The animals fed diet 46E, from the sixth month to 
the end of the experiment, accumulated large amounts of fluid in their 
body cavities as well as in subcutaneous tissues. 

In general, the animals receiving the choline-deficient diets grew only 
moderately well during the first 6 months of the experiment. The first 
symptom of chronic choline deficiency was a general unthrifty appear¬ 
ance and decline in appetite. This was followed by moderate weight 
loss. In some cases, there was temporary recovery, which was usually 
followed by moderate to rapid fedlure. In those animals which had lung 
involvement, rales and hemorrhagic rhinitis were consistent symptoms 
during the latter 6 to 8 weeks of the experiment. Labored respiration 
was common in animals with severe lung damage or with hydrothorax. 

Pathology. The pathological conditions observed in the 18 animals 
that have completed the experiment are summarized in table 2. 
Neoplasms of one or more types were present in 14 of the animals. 
Neoplastic changes in the lungs were the most consistent findings, occur¬ 
ring in 10 cases. Grossly, the involved lungs contained nodules of various 
sizes up to 1 cm. in diameter. Some of the nodules were filled with pus 
and were pliable, with purulent extrusion occurring upon incision. The 
smaller nodules were firm and usually densely cellular. Involvement 
ranged from part of a single lobe in some cases to practically the whole 
organ in others. Neoplastic changes most commonly seen were primary 
medullary in character and originated in the bronchial epithelium. 
Metaplasia of bronchial epithelium into stratified squamous type was 
frequently observed. Near and surrounding areas of metaplasia were 
whorls and cords of epithelial-type cells which frequently tended toward 
stratification. Mitotic figures were present. The inflammatory process, 
which frequently was present in these lungs, was characterized by infil- 



Table 2 

Summary of Observed Pathological Changes in Tissues of Chronic Choline-Deficient Rats 
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tration of blood cell elements with varying density, sloughing of alveolar 
cell linings, bronchiectasis and, in some cases, marked atelectasis. An 
increase in fibroid tissue was found in a few cases. 

Nine of the 18 animals had severe “hobnail” liver cirrhosis. In 4 of 
these cases, liver neoplasms that were adenomatous in character were 
found. These growths were composed of cords or acini-like groups of 
cells with dense nuclei and distinct cytoplasm. These cells had a striking 
resemblance to liver parenchyma. In 2 cases, neoplastic cells of a 
reticular type, forming no distinct structural arrangement, were located 
primarily in interlobular areas. These cells seemed to be epithelial in 
origin. Numerous mitotic figures were present. 

Sarcomas were found in 3 of the 18 rats. In 2 animals, these neoplasms 
were small in size and were located subcutaneously in the abdominal 
region. In the third animal, a primary sarcoma developed very rapidly 
in the antero-lateral aspect of the thigh, invaded the muscle tissue exten¬ 
sively, and metastasized along the sciatic vessels to form two secondary 
smaller growths. The primary growth outgrew its blood supply, so that 
its center was a soft mass of decaying cellular material. 

Three different types of pathological changes were observed in the 
pancreas of 6 of the animals. An adenomatous type growth was present 
in 4 cases in which the organ was considerably enlarged and the neo¬ 
plastic tissue replaced about one-third of the organ. Numerous mitotic 
figures were present, and the new growth seemed to originate from pan¬ 
creatic cells, but did not form true acinar structures. Fibrous tissue 
proliferation was also observed in these cases. Centro-acinar cell pro¬ 
liferation was observed in two cases. This type of damage was less 
extensive than that just described. In the pancreas of one animal, a 
centralized growth of fibrotic tissue resembling a fibrosarcoma had re¬ 
placed about one-fifth of the normal tissue. 

One animal had extensive urinary bladder damage, which was the 
apparent cause of rapid failure and death. Papillomatous epithelial 
growths were prominent. In one area, this type of growth had infiltrated 
the muscular coats. Numerous mitotic figures were present, and typical 
carcinomoid tissue had replaced the transitional epithelial cells in this 
area. 

Hemangio-endotheliomas in the mesenteric and subcutaneous fat were 
found in 4 of the 18 animals. Three of these were extremely cellular, 
contained a large number of small vessels, and exhibited numerous mitotic 
figures. One growth was classified as a cavernous hemangioma and 
consisted of large islands of blood surrounded by shelves of tissue com¬ 
posed of cells having spindle-shaped nuclei. 

Lymph gland involvement was noted in 4 of the 18 animals. The 
pathology consisted of grossly apparent swelling and reddening of the 
cisternal, cervical, and thoracic nodes, and was characterized, micro- 
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scopically, by the infiltration of abnormal cells of three types. The cells 
in some cases were reticular with stellate cytoplasm; in other cases, they 
resembled plasma cells and replaced about one-third of the normal tissue; 
in still others the cells resembled liver parenchyma. 

There have been no abnormalities noted among the 20 control animals 
receiving the choline-supplemented diets, except for obvious signs of lung 
involvement of the inflammatory type in one case. This animal died, 
and autopsy revealed a severe inflammatory process involving most of the 
lungs. 

DISCUSSION 

The pathological material available at present does not justify con¬ 
clusive remarks concerning the efficacy of the various diets used. How¬ 
ever, certain observations deserve mention. Reduction of the dietary 
casein from 9 to 4.5 per cent (diet 46E) appeared to increase damage 
to the liver. In general, it appears that none of the diets used in the 
present study were as effective for producing extensive liver damage as 
was the diet employed in the previous study.® On the other hand, the 
incidence of neoplasms in other tissues appears to be higher than was 
observed previously. 

Of interest in connection with the results obtained in this laboratory is 
the report of Gilbert and Gillman.^ They observed a multiplicity of 
pathological changes, including extensive liver and lung damage, in rats 
fed diets of com meal and fermented milk. Moreover, Gillman and 
Gillman^ have suggested that there is a definite relationship between the 
high incidence of cirrhosis and primary liver carcinoma on the one hand, 
and repeated injury to the liver from acute and chronic malnutrition 
among adolescent and young adult humans on the other. 

Although Gyorgy and associates^® reported some definite but irregular 
protection with choline and cystine in butter yellow-induced liver tumors 
in rats, the majority of available data indicate no beneficial effect of 
dietary choline in this type of induced neoplasm.^^'^^ 

Also of interest are the reports in the older literature, by Robertson 
and Burnett^® and Werner^®. The former workers observed that injec¬ 
tion of aqueous emulsions of lecithin diminished the tendency toward 
metastases, retarded metastatic growth, and retarded primary tumor 
growth. Werner observed that continuous injection of choline borate 
reduced the size of tumors in rats. Recently, Beard^*^ has reported that 
ingestion of choline chloride in the drinking water resulted in increased 
disappearance of intra-abdominally implanted Emge sarcoma in rats. 

SUMMARY 

Choline-deficient diets, of different composition from those previously 
used in this laboratory, were fed to rats for prolonged periods. Neoplasms 
of one or more types were observed in 14 out of 18 rats fed these diets 
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for 5 to 11 months. No neoplasms were observed in control animals fed 

the same diets supplemented with 0.2 per cent choline chloride. 
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Plate 2 

Rgure 1. Lung exhibiting nodular growths of various sizes. 

Figure 2. Metaplasia of epithelium lining a bronchiectatic cavity. The epithe¬ 
lium exhibits a transition from simple columnar to typical stratified squamous. This 
figure also illustrates the possible bronchiogenic origin of the underlying neoplasm. 
Hematoxylin and eosin stain. X250, 
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Plate 3 

Figure 3. Extensive area of neoplasm of 
of the lung, underlying bronchial epithelium 
with distinct nucleoli. They seem to fill the 
eosin stain. X510. 


the natuie of a primaiy carcinoma 
The cells are cylindrical in t>T)e, 
alveolar space. Hematox>lin and 
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Plate 4 

Figure 4, Small area of figure 3 enlarged to illustrate the nature of the cells 
of this neoplasm. Hematoxylin and eosin stain. XIOOO. 

Figure 5. Metaplasia of epithelium lining a bronchiectatic cavity, and an 
underlymg neoplasm of an adenomatous nature. Hematoxylin and eosin stain. 
X510. 
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Plate 5 

Figure 6. Extensive area of lung showng dense inflammatory exudate and 
areas of granulation tissue. Hematoxylin and eosin stain. X250. 
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Plate 6 

Figure 7 Lung growth consisting of anaplastic cells with dark staining nuclei 
and indefinite cytoplasm The cells in this type of growth had a charactenstic 
medullary ariangcment Hematoxylin and cosin stain XIOOO 

Figure 8 Neoplasm of the natuze of a hemangio endothchoma, showing the 
vascular nature and the type and arrangement of the cells Growths of this nature 
were found in the mesentery and, subcutaneously, in the inguinal region Hema¬ 
toxylin and eosm stain X260 
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Plate 7 

Figure 9. Section of the liver illustrating the possible origin of adenocarcinoma 
from liver parenchyma. Hematoxylin and eosin stain. X250. 

Figure 10. Neoplasm developing in interlobular areas in the liver. Hematoxylin 
and eosin stain. X475. 
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Plate 8 

Figure 11. Neoplasm in the pancreas. The cells of the epithelium lining the 
cystic spaces are apparently derived from parenchymaJ cells, but typical acinar 
structures failed to develop.^ Some infiltration of blood ccU elements and fibro¬ 
blasts is present* Hematoxylin and eosin stain. XI20. 

Figure 12. A small area of neoplasm of pancreas enlarged to show the type 
and arrangement of the cells. Hematoxylin and eosin stain. X475. 
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Plate 9 

Figure 13. Area of pancreas showing excessive proliferation of centro-acinar 
cells Hematoxyhn and eosin stain X390. 

Figure 14 Lymph gland showing an abundance of reticular type cells of 
peculiar design found in medulla and cortex. Hematoxylin and eosin stain. X390. 
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Pl\te 10 

Fioijrf 15 Deep peK c dii.s>ection to illustiate uiogenital tract This bladdei 
fuppei centnl extiemeh enlaiged One hige ulcer \vas piesent neai its 
base, ‘^nd a giowth of the natuie of piimar> carcinoma was found at the apex 
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Plate 11 

Figure 16. Hyperplasia and papillomata of bladder epithelium. Hematoxylin 
a id eosin stain. XI20. 

Figure 17, An area which has the cellular appearance of a carcinoma of the 
bladder. Note the tvpe and arrangement of the cells. Hematoxylin and eosin 
stain X330. 
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Plate 12 

Figure 18 Gross dissection of rat, showing a large saicoma on the thigh 

Figure 19 Infiltration of muscle tissue b> sarcoma The cells are arranged 
m planes and whorled m different directions Hcmatowhn and eosin stain X300 
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Pl\te 13 

Figure 20. A sarcoma which has extensivel> invaded and nearly replaced 
muscle. Hematox>lin and eosin stain. X500. 

Figure 21. Enlarged area of the sarcoma, to illustrate the nature of the cells. 
Mitotic figures aie very numerous in these growths. Hematoxylin and eosin stain. 

xinoo. 




THE MAMMARY TUMOR MILK AGENT ^ 

By John J. Bittner 


Division of Cancer Biology^ Department of Physiology, University of 
Minnesota Medical School^ Minneapolis, Minnesota 

The development of mammary tumors in mice is usually dependent 
upon the action of three factors, viz.^ the inherited susceptibility, hormonal 
stimuli, and the agent normally transferred in the mother’s milk.^^ A 
small percentage of mammary tumors may, however, develop in animals 
in which one or more of the causative factors cannot be demonstrated 
\vith our present methods of assay. Another genetic factor has been 
demonstrated to play a part in the genesis of mammary cancer in 
virgin females. This is mediated through the genic control of the 
hormonal mechanism and has been called the inherited hormonal influ¬ 
ence.^®* '*^* Some data are available on the physiological effects of this 
factor-®* and its genetic relationship to the inherited suscepti¬ 

bility for mammary cancer in some stocks.-^ 

The mammary tumor milk agent was demonstrated by fostering the 
young bom to mothers of cancerous strains by females of low cancerous 
stocks.® If the fostered mice did not obtain the agent from the milk 
before they were transferred, they and their descendants usually showed 
a low incidence of mammary cancer. Fostering after the mothers of 
cancerous strains had nursed their young for twenty-four hours or longer 
had little effect in reducing the incidence,®* ^® and the females did not 
have to be cancerous to transfer the agent.® It was also found that the 
agent was present in the milk secreted after the first day.®* ^ The removal 
of the young from the uteri of females of cancerous strains w’as found to 
be more effective than foster nursing in preventing the development of 
mammary cancer in mice.^ 

By feeding or injecting extracts of tissues from mice with the agent 
into suitable test animals (descendants of fostered susceptible mice 
which have been observed for several generations, or hybrids which had 
maternal parents from stocks without the agent), it has been possible to 
study the distribution of the agent and its characteristics. It has been 
demonstrated to be present and active, based on the development of 
mammary cancer in the test animals, in the following tissues: thymus,®* 
spleen,®* ^^* ®»®® lactating mammary tissue,^®* ® spontaneous mammary’ 

♦ Assisted by grants from the Citizens Aid Society of Minneapolis, the Graduate School 
Cancer Research Fund of the University of Minnesota, the Jane Coffin Childs Memorial Fund 
for Medical Research, the Floyd B. Olson Memorial Fund, the Elsa U. Pardee Foundation, the 
Minnesota Cancer Society, and the American Cancer Society. 
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cancer,'**'^Hardcrian gland,-* liver (unpublished) and whole 
blood/'' Although some workers"*' have noted few, if any, mammary 
tumors to develop in mice injected with either whole blood or the blood 
fractions, we have found, in some studies,’^’ that the agent was active 
in both suspensions of blood cells and the serum. By adding red blood 
cells from mice witliout the agent, it has been possible to adsorb the agent 
from the scrum of cancerous animals.--" 

The agent will remain active following lyophilization,'*' filtration 
through Scitz^*' and Berkefcld filters,^"*-* treatment with glycerin,^* and 
dcsiccation.-'b-^-''^--'^^ Bv the injection of ccll-frce filtrates into the dc- 
\ eloping chick embrvos^ it has been found that the agent may be recov¬ 
ered from either filtered or unfiltered yolk after one passage-'^ and from 
unfiltcred yolk after nine serial passages in eggs (unpublished). The 
asent will also suivavc for at least ten serial passages of mammary cancer 
in mice which did not have it.-"^ It becomes inactive at pasteurization 
temperature within thirty minutcs.^»'* 

Several investigators^ -s21, 3 -' have shown that animals of sus¬ 
ceptible stocks become more resistant to the agent witli increasing age. 
However, lliis resistance may be overcome by repeated injcctions.'*- 
Although tlie older mice may not give rise to mammary’ tumors, they may 
transfer the agent to their progeny.’^'^» 

In earlier studies^ it w-as stated that the amount of the agent which 
an animal received, dclennined the incidence and average cancer age. 
However, recently it has been found that this may not be the casc.““ 
Extracts of equivalent amounts of tissues may produce in mice of some 
ages higher incidences w’hen diluted 10"^ than they do at 10“^. In 
younger animals, the diflfercnce may not be as evident. In some groups, 
the prevention of nursing will influence the incidence, w’hilc in others it 
will not.--’ The agent may remain active in dilutions of 1:1,000,000, 
and approximately 25 per cent of the injected mice may become 
cancerous.^’ —» 

In fractions w’hich had been diluted 10*- to lO”^’, it wns noted that a 
larger percentage of the test animals developed mammaiy tumors after 
they had been injected with extracts of lactating mammary tissue tlian 
with either spontaneous mammaiy cancer or transplanted mammary’ 
cancer from the same stock.^' ^Vhen mice of a different genetic constitu¬ 
tion w’ere employed, there w’as no difference in the acti\ity’ of the extracts 
of mammary' and spontaneous tumor tissue, but both produced a higher 
incidence than did either suspended blood cells or scrum from cancerous 
mice of the same stock.^® 

The 'injection of extracts of spontaneous mammary' cancer from mice 
stimulated the formation of antibodies in rabbits®* and rats.®®*^® It 


In eailier experiments/-* we were unable to obtain 
been given extiacts of lixer fiom mice with the agenl. 


mammary cancel* in mice i^hich had 
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has been found that the scrum from these immunized animals would 
neutralize the agent in vitio. If the anti-cancer scrum was given to mice 
before they received the agentj they would not develop mammaiy* cancer^ 
but, if the mice obtained the agent before the anti-<erum, no effect has 
been seen in either the injected mice or their progeny (unpublished). 
The immune scrum has a cytotoxic effect on mammary cancer cells 
in 

In centrifugation studies, it has been observed that the agent was 
citlier sedimented or associated witli particles of the cell which w’crc 
tlirown down in gravitational fields of 20,000,^^ 60,000,and 110,000."*- 
In anotlicr experiment, essentially all of the agent w’as sedimented at 
18,000x g. for a period of one hour, the greatest activity being found in 
the fractions with the larger particles or the microsomes at dilutions of 
10-- to 10'’\« 

It was suggested that the presence of tlic milk agent might influence 
the formation of lateral buds along the ducts of the mammary glands of 
mice of some stocks.^^» How’ever, these obscr\'alions could not be con¬ 
firmed by the use of fostered and unfostered mice of other cancerous 
stocks. Estrogenation may produce more arborization in young mice 
when they have the agent, but these differences may not be evident at 
later ages.'^^* A possible explanation'^^ for these different observations has 
been suggested as due to strain diffcrcncca in the architecture of the normal 
mammary gland. 

The characteristics of the mammary tumor milk agent, its small size, 
ability to propagate in the living cell, and its antigenic properties, would 
classify it as an infectious agent or virus. Its exact role in the genesis of 
mammary cancer has not been determined, and there is no eudcnce that 
it may be active in the development of any other t>’pc of cancer in mice. 
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DISCUSSION OF THE PAPER 
Dr. Arthur Shapiro {Brooklyti^ N, F.) : 

If the rabbit anti-mouse tumor serum produces specific cytolysis of 
mouse tumor cells through the action of an antibody against a tumor 
'“S'irus”, it seems likely that this reaction could be used for the assay of 
"Sdrus” in a manner analogous to the titration of diphtheria toxin by 
antitoxin. If it were determined in advance that a particular dilution 
of a standard “virus” suspension was just able to neutralize the cytolytic 
effect, then either “virus” or serum (whichever is more stable) could be 
used as a standard of reference for the in vitro determination of the 
activity of other preparations with which it could be compared. 




SOME BASIC CONTRIBUTIONS TO THE CANCER 
PROBLEM FROM THE STUDY OF PLANTS 

Br William J. Robbins 

Depmtmfni of Botany, Columbia University, and The New Yarl 
Botanical Garden, New York, N. T 

I must preface my remarks on this subject by emphasizing that cancer 
is a disease of animals, and that we must be conservative in appKing 
information gained from the study of overgrowths in plants to similar 
phenomena in animals. Overgrowths developing spontaneously or induced 
by microorganisms, by insects, by some types of grafts, by crossing certain 
plant species, by vinises, by wounds, and by various physical or chemical 
treatments occur in plants. They arc variously known as mutations, 
calluses, galls, tumors, fasciations, nodules, or even plant cancers. Some 
of them show analogies to cancer in animals, but it is always dangerous 
to argue from analogy, and I wish to make clear that I appreciate the 
inherent wcakncssc'> in an attempt to apply obscr\’ations made on one 
organism to another, especially w^hen they arc so distantly related as 
plants arc to man. 

Nevertheless, I think w^e can agree that cancer is fundamentally a 
growth problem, that one of its basic aspects is the transformation of 
cells from a more or less static into a rapidl} growing condition. I believe 
we can agree, further, that the processes w'hich occur in the growth of 
plants and animals are basically alike. I need not remind the reader 
that at least three vitamins (biotin, pantothenic acid, and folic acid) 
were first discovered by obscr\dng their importance for the grow’th of 
bacteria or yeasts, and that a great deal has been learned of the intcr- 
mcdiar\' metabolism of carbohydrates in the human body through a study 
of the fermentation of sugar by yeast. Fundamental information on the 
growth of plants may easily be of importance to the cancer problem, 
particularly if the phenomena studied arc those concerned wdth spon¬ 
taneous or induced changes resulting in increased rates of grow^th, espe¬ 
cially s\hcn those changes arc persistent and result in more or less dis¬ 
organized growth. Any instance of this sort which occurs in plants 
descr\"es careful study and analysis. An elucidation of any one of tliem 
mav throw light on abnormal growth in animals. A few^ such instances 
in plants 'will be briefly discussed here. 

Those spontaneous mutations w^hich occur in the mvcelium of many 
s]Dccies of fungi dcscr\’c more consideration, I believe, than they have 

(75) 



76 


ANNALS NEW YORK ACADEMY OF SCIENCES 


hitherto receh’cd. They have been variously known as saltations^ sectorial 
mutations, or pleomorphisms, 

We have studied one of the dermatophytes, Trichophyton mentagro- 
phyfes or Trichophyton gypseum, which develops vegetative mutations 
to a high degree.*^* ® This fungus, pathogenic for man and other animals, 
is, as a rule, a rather slow-grooving and freely sporulating organism when 
isolated from the host. ^Ve have called this the normal form. 

As cultures of the normal form of this organism age, portions of the 
mycelium change in growth habit: they become white, fluffy, more or 
less sterile, and much more vigorous than the original mycelium. Such 
forms have long been knowm, in the dermatophytes, as pleomorphic forms. 
They can be isolated and grown in pure culture where they retain their 
morphological characters and ability to grow rapidly. In culture, pleo¬ 
morphic forms overgi'ow the normal form and, unless suitable precautions 
are taken, the normal form of T. mentagrophytes will disappear and only 
the rapidly growing pleomorphic forms will remain. 

The normal form can be maintained indefinitely if transfers are made 
to fresh media at w’eekly intervals. ^Ve have kept it in culture for more 
than 3 years by this procedure. Pleomorphic forms, too, can be kept in 
culture apparently unchanged if transferred at w^eekly intervals. 

The spontaneous change from normal to pleomorphic occasionally 
appears in cultures incubated at 35° C. as early as 8 days after inocu¬ 
lation, though two or three weeks are usually required, and within 4 or 5 
weeks, at most, all cultures will have become pleomorpliic. It is not, 
therefore, a hit-or-miss process. Merely by allowing the cultures to age, 
all of them will change from a slow-growing to a rapidly growing form. 

Many pleomorphic types can be isolated which differ in rate of growth, 
degree of sterility, morphological character of the colony, in pigment 
production, or in some physiological character. All older cultures, ho\v- 
pver, are characterized by the very vigorous, white, fluffy, almost sterile 
form. This may be because it overgrows the less vigorous types, or, 
perhaps, because the less vigorous types mutate, in time, tow^ard the fast¬ 
growing forms. 

The grow'th of the most vigorous forms is many times that of the 
normal. In a liquid medium containing asparagine as a nitrogen source, 
the normal form produces 3 or 4 mg. of dry matter in three weeks. A 
pleomorphic form, in the same time in the same medium, may form 100 
rag. or more. 

Here w^e have, in an organism which can be readily grown in a test 
tube, an example of spontaneous change from a slow^-growing to a rapid¬ 
growing condition which shows some analogies to the changes which 
occur w’hen more or less static cells in the animal body are transformed 
into cancer cells. If we could answ^er the problems on growth presented 
by this phenomenon, such answers might elucidate some aspect of cancer. 
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What causes pleomorphisms to occur? There appear to be three pos¬ 
sibilities. They may result from the effect^ on the mycelium, of the 
accumulation of by-products of fungus metabolism in the medium. Dr. 
Jacques Duche tells me that he was able to keep Trichophyton gypseum 
in a normal condition, without the development of pleomorphisms, for 
a period of months, by growing the fungus under conditions such 
that it was continuously bathed in fresh culture medium. These obser¬ 
vations would support the idea that the spontaneous mutation from a 
slow-growing condition to a rapid one, in ^s fungus, is induced by the 
accumulation of metabolic products in the culture medium. If this is 
correct, then the cells of the fungus mycelium must differ in susceptibility 
to these products, because the entire mycelium does not become pleo¬ 
morphic and only small scattered sectors, perhaps individual cells, are 
affected. For example, on an agar medium in a Petri dish 18 cm. in 
diameter which is completely covered with the mycelium of the normal 
fungus, a few scattered spots of a pleomorphic form appear. The whole 
mass of mycelium does not become pleomorphic (plate 14, figure 1). 

Another possibility is that the pleomorphism is induced by an exhaus¬ 
tion of one or more constituents of the medium. This does not seem 
likely in view of the richness and variety of media on which pleomorphisms 
develop. 

The third possibility is that the mutation is associated, in some way, 
with the age of individual hyphae. It cannot be associated with the age 
of the entire mycelium, because we have never observed the development 
of pleomorphisms on the young growing hyphae but always on the older 
parts of a colony where the age of a hypha, the accumulation of by¬ 
products, or the exhaustion of some essential substance might be pos¬ 
sible causal factors. As long as the mycelium grows over fresh medium, 
it remains normal. At least, we have observed this to occur over a period 
of more than 60 days (plate 14, figure 2). 

Gan the development of pleomorphisms be prevented? We have not 
been successful in any attempt of this kind, except by transfers, at weekly 
intervals, to fresh media, as previously mentioned. Nor have we had any 
evidence that the pleomorphic form can be induced to revert to the 
normal form. Various modifications of the nutrient medium, as well as 
a number of growth inhibitors, both natural and synthetic, have been 
used, without preventing the formation of pleomorphic forms or inducing 
them to revert once they have developed. 

Why do the pleomorphic forms grow so much more rapidly than the 
normal? We believe that this is due to the fact that the mutant has devel¬ 
oped a more effective mechanism for transforming compounds of nitrogen 
into cell substance. This mechanism is probably new enzyme systems or 
larger amounts of some which already exist in the normal form. The 
evidence for this assumption is indirect and is as follows: 
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The nonnal form of Trichophyton mentagrophytes grows with 
asparagine, or any one of 14 amino acids^ as a source of nitrogen^ but 
is unable to utilize ammonia effectively. It appears that it transforms 
a>paragine. or any one of the several amino acids^ without previous 
ammonification into all the various amino acids required for the con¬ 
struction of its protoplasmic proteins. There are, however^ no indis¬ 
pensable amino acids in the sense that the fungus fails to grow imless 
a particular amino acid is furnished in the nutrient medium. Although 
the nom.al form of T. mentagrophytes is capable of making from a 
cincle amino acid all those needed for its cell substance, it grows better 
with a mixture of these. We have interpreted this to mean that the 
amino acids in a mixture arc incorporated into fungus protein more 
rapidly than they arc supplied by the metabolic transformation of a 
single one. 

The rapidly growdng pleomorphic forms, on the other hand, grow fairly 
well with ammonium salts as the sole source of nitrogen. This difference 
in the relation of the normal and the pleomorphic forms to ammonium 
salts W’e have interpreted as indicating that, in changing from a slow- 
growing to a rapidly growing condition, the fungus has developed a better 
mechanism for utilizing inorganic nitrogen. 

By supplying the normal form with a mixture of amino acids, as much 
dr\‘ matter can be obtained as the pleomorphic form produces with a 
single amino acid. This also suggests that, in becoming pleomorphic, 
the fungus has developed a more effective means of transforming a 
single organic nitrogen source into cell substance. 

Are the pleomorphic forms genic or cytoplasmic mutations? This ques¬ 
tion cannot be tested by ordinary genetical methods, because the sexual 
form of Trichophyton mentagrophytes^ if it exists, has not been discovered. 

Another group of investigations of particular interest to the general 
subject under discusidon, are those concerned with the development, in 
plants, of tumor tissue which is capable of indefinite grow’th in a rela¬ 
tively simple medium and of autonomous grow^th when grafted into the 
normal plant. These include the bacteria-free tumors resulting from 
infection by the bacterium, Phytomonas tumefaciens^ the tumors induced 
by grafting bacteria-free tumor tissue on normal tissue reported by 
de Ropp, those occurring on certain types of species hybrids of Nicotiana^ 
and the wnund-vinis tumors described by Black. 

The overgrowths caused by PA. tumefaciens^ generally referred to as 
crown gall, have been studied for many years, Irwin F. Smith empha¬ 
sized the similarit)^ beUveen crown gall of plants and cancer of animals. 
Recent observations have added a great deal to our knowledge of these 
interesting growth abnormalities but still leave many fundamental ques¬ 
tions unanswered. Jensen^ found that the tumorous condition of the 
host cells of beets and mangels induced by PA. tumefaciens persists after 
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the bacteria have disappeared. According to Jensen, the bacteria died 
in the older tumors caused by Ph. tumefaciens, and careful investigation 
of a large number of spontaneous tumors from mangels and sugar beets, 
taken up in the autumn, led only in a single instance to the isolation of 
the bacterium. Tissue from these spontaneous beet tumors was easily 
transplanted to normal roots and produced fresh tumors which were due 
exclusively to the growth of the transplanted tissue. However, Jensen 
says that, while tumor transplantation proved effective for three or four 
generations, the fourth generation of implantation succeeded, but the 
abnormal proliferative power of the tissue had disappeared. He con¬ 
cluded that the cells of the tissue, under the influence of the bacterium, 
become altered for a series of cell-generations and develop the abnormally 
increased proliferative power of tumor cells proper, which is independent 
of continued stimulation by the bacteria. 

Jensen’s observations were confirmed and extended, more recently, by 
^Vhite, Braun, and others.^^ They demonstrated that the bacteria-free 
tumor tissue can be grown indefinitely on a simple medium and develops 
autonomously as tumor tissue when grafted on the normal plant. The 
bacteria cause the change from normal to tumorous condition in a short 
time. Tumors develop in Vinca rosea after but 36 to 48 hours’ exposure 
to living bacteria, and the full change to tumor tissue occurs after 4 days. 

Amongst many observations, too numerous to detail here, was the 
demonstration, by Braun and Laskaris,^® that the combined effect of 
infection by an avirulent strain of Ph. tumefaciens and treatment with 
growth-promoting substances such as indole-acetic acid was necessary 
for tumor production on the tomato. Neither was effective alone. This 
indicates that two factors, at least, are concerned in the production of 
tumors by Ph. tumefaciens. 

De Ropp® found that the bacteria-free tumor tissue grafted in vitro 
on pieces of normal stem 0.5 cm. in length induced secondary tumors 
in about 50 per cent of the successful grafts. These secondary tumors 
can be grown in vitro and evidence autonomous grow^th when grafted 
into normal plants. If the graft of tumor and normal tissue did not take, 
or if the tumor tissue was separated from the normal tissue by a thin 
layer of agar, no secondary tumors were observed. These observations 
demonstrate that tumefaction may be induced by bacteria-free tumor 
tissue as w^ell as by the bacteria themselves. It also suggests that some 
influence from the bacteria-free tumor tissue is transmitted through li\mg 
tissue at least for short distances and induces the change from normal to 
tumor tissue. Whether this influence is chemical, virus-like, or a cyto¬ 
plasmic entity, has not been determined. 

Black’s observations^* ^ on the wound-tumor rims demonstrate another 
method of tumor induction in plants. This vims, w^hich affects at least 
43 species of plants in 20 families, is systemic. The rims produces tumors 
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on the roots of many kinds of plants and on the stems of some others. 
Wounds are involved in the origin of at least some of the tumors on the 
stems of infected plants and, since lateral roots woimd the overlying 
tissues in emerging from their point of origin in the pericycle, there seems 
to be an interrelation between the presence of the virus and injury in 
the production of tumors on roots. The tumor tissue can be grown 
indefinitely in vitro and can be successfully grafted into normal plants. 
It retains the virus, which becomes systemic in a host on which a bit 
of tumor tissue is grafted. 

Still another kind of origin of autonomous tumors in plants results 
from hybridizing species of Nicotiana* Kostoff, in 1930, reported the 
occurrence of abundant tumors on plants of the hybrids of certain 
Nicotiana species. These were later (1934) studied by Whitaker.^® The 
tumor tissue was cultivated in vitro by White and demonstrated to pro¬ 
duce tumors when grafted on normal plants. These tumors do not appear 
to be parasitic in origin; no causal agent can be transmitted from tumor 
to hedthy Nicotiana plants; and the causal factor is not transmitted 
from hybrid to parent over a graft union. The tumors apparently result 
from the hybridity. Whitaker concluded, from an analysis of available 
data, that hybrids with tumors are formed when representatives of the 
Nicotiana alata group with 9 chromosomes are used as the male parent 
and other Nicotianas which have 24 chromosomes are the female parents, 
but that no such formation takes place when the reverse cross is made. 
All the available information, according to Whitaker, indicates that tumor 
production in hybrids of N. Langsdorffii and N, glauca is the result of 
cytoplasmic disturbance occasioned by the introduction of the chromosome 
complement of N. Langsdorffii (used as the pollen parent) into the 
cytoplasm of N, glauca (used as the seed parent). 

From this brief survey, it is clear that plant tumors characterized by 
more or less unorganized and \mcontrollcd growth, capable of indefinite 
growth in vitro on simple media and of autogenous growth in vitro, are 
induced by a considerable variety of causative agents. They can be 
induced by inoculation with a bacterium, Phytomonas tumefaciens, by 
bacteria-free tumor tissue, by the combined effect of an attenuated strain 
of PA. tumefaciens and a growth-promoting chemical, by infection with 
a specific virus plus wounding, and as the result of certain species crosses 
where a virus, wounding, pathogenic organisms, or the application of 
chemicals are not involved. 

There are many other kinds of overgrowths in plants which either 
do not possess the ability of the tumors I have briefly described to grow 
indefinitely in vitro or in vivo, or have not been demonstrated to have 
that ability. Club root of cabbage and other crucifers results from infec¬ 
tion by Plasmodiophora brassicae, a myxomycete. Insect galls are common 
on plants. These are characterized by an abnormal but specific growth 
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pattern superimposed on the normal tissue by a foreign living organism. 
Calluses grow from the cut ends of stems or from woimds. By treatment 
with chemicals, as, for example, indole-acetic acid, tumors in plants have 
been induced which produce massive growths. Fasciations, spontaneous 
or induced, are another class of abnormal overgrowths common in plants. 

In spite of the progress which has been made in our knowledge of 
autonomous tumors and other types of abnormal plant growths, the basic 
and fundamental problems remain. Why and how does an actively 
growing embryonic or meristematic cell change into a relatively static, 
mature, differentiated condition? On the contrary, why and how does 
the change of non-growing cells into those capable of active growth 
occur, or that of cells which grow normally into tumor cells? 

We know little of the basic factors involved in these changes. Our 
ignorance is sometimes concealed by such wordfe or phrases as growth 
regulators, organizers, the whole being greater than the sum of its parts, 
entelechy, primitive condition, and so on. But why does a section of a 
sunflower stem which lacks a bud but contains embryonic cells in its 
cambium, fail to grow to any extent when grafted into the normal stem 
where tumors induced by infection with Phytomonas tumefaciens grow 
well? 

One explanation which may be offered is that inhibitors from the 
entire plant limit the development of the transplant of the normal tissue 
but are ineffective on the tumor tissue. It is not difficult to cite examples 
in the plant kingdom where inhibitors produced by an organism affect 
its growth. Among the microorganisms, the development of specific sub¬ 
stances which inhibit the organism’s growth are well known, as, for 
example, lactic acid accumulating in cultures of lactic acid bacteria, 
alcohol for the yeasts, or acetic acid for the acetic acid bacteria. Fawcett 
demonstrated, some years ago, that filamentous fungi grow at an unchang¬ 
ing rate if constantly supplied with fresh media. The growth of dormant 
axillary buds when the tip of the plant stem is cut off, has been explained 
by the removal of inhibitors formed by the stem tip. 

It does not seem probable, however, that inhibitors from the entire 
plant can account for the failure of normal plant tissue to grow when 
grafted into the stem, because the bit of normal tissue removed from the 
influence of the plant evidences little growth in vitro on a medium on 
which the tumor tissue grows indefinitely. How can the difference in 
growth power evidenced in vitro between the normal stem tissue and the 
tumor tissue derived from it be accounted for? It is evident that the 
tumor tissue on a simple medium carries out all the series of chemical 
reactions which result in the construction of new cell substance. The 
normal tissue is not able to do this.* Is this because the cell substance 

* Gautheret and Nol>econit have been able to grow normal stem tisane in vitro by adding 
small Quantities of indole-acetio acid to the medium. It is not known how the indole-acetlo 
acid acts in inducing the tissue to grow. For references to literature, see Yndte,^ 
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of the tumor tissue is simpler, more easily synthesized, and requires a less 
elaborate mechanism for its construction? Is it because normal tissue 
develops intracellular inhibitors which limits its growth? Or is it because, 
in becoming tumorous, the cells develop a more effective mechanism for 
making new protoplasm, or a combination of these? 

It may be pointed out that some kinds of plant tumor tissue do not 
form chloroplasts or differentiate roots, stems, and leaves, which might 
be interpreted to mean that the cell substance of the tumor tissue is less 
complicated than that of normal tissue. At the same time, we cannot 
exclude the possibility that the normal cell makes intracellular inhibitors 
which the tumor tissue does not. There are, also, numerous examples 
among the microorganisms where the rate of growth is determined by 
the ability of the organism to synthesize one or more vitamins, amino acids, 
or some other essential metabolite. 

Greenstein^ has said, “The history of cancer research is such as to 
effectively discourage any excursion into a dogmatic universalism.” The 
same caution must be used in searching for the causes for the differences 
in growth power between normal and tumorous tissue, between meri- 
stematic or embryonic differentiated mature cells. 

To determine whether these changes are genic or cytoplasmic, and 
whether they are associated with morphological entities or not, is impor¬ 
tant. It is equally important, however, to learn, if we can, the internal 
physiological factors which limit the growth of cells,® because it is the 
modification of these factors which change a normal meristematic cell 
or a static and mature one into those which we call tumorous. What 
happens when mature cells regain the power of making new cell sub¬ 
stance? Why, when this occurs, do such embryonic cells not follow the 
growth pattern of normal cells and after a limited period mature once 
more, instead of growing for an unlimited period and in a more or less 
disorganized fashion? Do cells mature and cease to grow because of 
the accumulation of inhibitors, because they lose some essential part of 
their metabolic machinery (say, an enzyme system), or for some other 
reason? Do mature cells return to a growing condition spontaneously 
or under the action of some extraneous physical, chemical, or biological 
agent; because of the neutralization or elimination of growth inhibitors; 
because a new synthetic mechanism has been formed by which cell sub¬ 
stance perhaps of simpler and less complicated constitution is more quickly 
constructed; because parts of the machinery necessary for the synthesis 
of new protoplasm, lost in the process of maturation, are once more 
reestablished; or for some other reason? These are fundamental questions 
for which I have no categorical answers. I believe, however, that answers 
may be sought for them by using plants as well as animals as experimental 
material and, perhaps, in some respects, plant material may furnish the 
shorter road to the solutions in which we are all interested. 



ROBBINS: PLANTS AND THE CANCER PROBLEM 


83 


LITERATURE CITED 


1. Black, L. M. 

1945, A virus tumor disease of plants. Am. J. Bot. 32: 408-415. 

2. Black, L. M. 

1946. Plant tumours induced by the combined action of wounds and virus 
Nature 158: 56. 

3. Braun, A. G., & T. Laskaris 

1942. Tumor formation by attenuated crown-gall bacteria in the presence 
of growth-promoting substances. Proc. Nat. Acad. Sci. 28: 468-477. 

4. Greenstein, Jesse P. 

1945. Enzymes in normal and neoplastic animal tissues. Am. Ass. Adv. Sci. 
Research Conference on Cancer: 192-222. 

5. Jensen, C. O. 

1918. Investigations upon tumor-like formations in plants. (English sum¬ 
mary) D. K. Veterinaer. og Landboliojskole. Aarsskrift: 91-143. 

6. Robbins, William J. 

1942-43. Internal factors limiting growth in plants. The Harvey Lectures 
38: 187-198. 

7. Robbins, William J., & Roberta Ma 

1945. Growth factors for Trichophyton mentagfophytes. Am. J. Bot. 
32: 509-523. 

8. Robbins, William J«, Sc Dda McVeigh 

1946. Effect of hydroxyproline on Trichophyton mentagrophytes and other 
fungi. Am. J. Bot. 33: 638-647. 

9. de Ropp, R. S. 

1947. The growth-promoting and tumefadent factors of bacteria-free crown- 
gall tumor tissue. Am. J. Bot. 34: 248-261. 

10. Whitaker, T. H. 

1934. The occurrence of tumors on certain Nicotiana hybrids. J. Arnold 
Arboretum 15: 144-152. 

11. White, P. R., & A. C. Braun 

1942. A cancerous neoplasm of plants. Autonomous bacteria-free crown- 
gall tissue. Cancer Research 2: 597-617. 

12. White, P. R. 

1946. Plant Tissue Cultures. II. Bot. Review 12: 521-529. 


DISCUSSION OF THE PAPER 

Dr. Arthur Shapiro {Brooklyn, N, Y,): 

The “pleomorphic” variant described by Dr. Robbins presents inter¬ 
esting analogies with the behavior of neoplasms in tissues. However, it 
is not clear from his data whether he has taken steps to distinguish 
between factors which favor the occurrence of mutation and factors which 
favor the detection of mutation already present. 

It would appear that, since the pleomorphic forms grow faster than the 
normal form, they should be readily detected whenever they occur. 
However, the experiments in the “racing tube” seem to indicate that the 
rate of spread of the normal culture is about equal to that of the 
pleomorpliic culture. 

In the evaluation of the likelihood of detection of the mutant under 
given cultural conditions, this biological competitive growth rate would 
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seem to be more important than the growth rate measured as mass of 
tissue formed per unit time. 

It should also be mentioned that, in bacterial cultures, it is common 
to find mutants arising (in aged cultures) which outgrow ihe normal type 
in the aged media but are definitely outgrown by the normal type in 
fresh media. 

In general, then, it is important to recognize, distinguish, and measure 
growth rates and mutation rates separately, if one wishes to draw valid 
conclusions from e.xperiments on large populations of microorganisms. 
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CHEMICALLY INDUCED MUTATIONS AND THEIR 
BEARING ON CARONOGENESIS 

By E. L. Tatum 

Yale University^ New Haven, Connecticut 

Increasingly vigorous attempts have been made, during the past decade, 
to analyze the complex problem of carcinogenesis in terms of the muta¬ 
tional, viral, and other theories of its causation (see Furth, Boon, and 
Kaliss, 1944). It is difficult, perhaps unnecessary, to reconcile these 
apparently opposed views, or to correlate them with the proven roles of 
carcinogenic chemicals and irradiation in the production of experimental 
cancer. Nevertheless, during the past few years, developments in this 
and other fields have brought new evidence regarding the relation of 
genes to enzymes and biochemical reactions, and regarding the relation 
of gene to cytoplasm, which may modify our older concept of mutation. 
Finally, recent evidence of the production of mutations by chemical treat¬ 
ment, and the examination of the mutagenic action of at least one car¬ 
cinogen, methylcholanthrcnc, may bear directly on the problem. Even 
if the various theories cannot as yet be satisfactorily reconciled, a con¬ 
sideration of possible relationships may not be amiss and may suggest 
new approaches to carcinogenesis. 

The theory that cancer is due to somatic mutations is based mainly on 
the following points, the first three of which constitute only inferential 
support: 

(1) That susceptibility and resistance to carcinogenesis are determined, 
in experimental animals, by hereditary factors, susceptibility ordinarily 
being dominant to resistance. 

(2) That transplantability of normal tissues seems to depend on the 
genetic and antigenic constitutions of both host and transplant. 

(3) That tumor cells may differ from the normal tissue from which 
they are derived in transplantability and, hence, may differ also in genetic 
constitution. The mutations indicated by this are not necessarily related 
to those mutations postulated in carcinogenesis. 

(4) That the change from a normal to a malignant cell may occur 
at random in small groups of cells or even in single cells, is a potential 
reaction of all cell types, and may involve heritable changes, perhaps 
of a sudden abrupt nature. 

(5) That the effects of x-ray and ultraviolet irradiation in carcino¬ 
genesis may be correlated with the well-established mutational effects of 
these agents in plants, animals, and nodcroorganisms. 

(87) 
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The many biochemical and enzymatic changes correlated with the 
development of malignancy (Potter, 1944; Burk and Winzler, 1944; 
Greenstein, 1945) could result from a single primary genetic or enzymatic 
change and, hence, are not in disagreement with the somatic mutation 
theory. 

One of the principal difficulties in the acceptance of this theory has 
been the inability to account satisfactorily for the effects of chemical 
agents such as the carcinogens. Many attempts to detect mutational 
effects of chemicals have been inconclusive, because of the unsuitability 
of the biological material for genetic analysis, and have no direct bear¬ 
ing on cancer since the agents used are not carcinogenic. To a large 
extent, this is true for the investigations of the effects of colchicine on a 
variety of cells, and of camphor (Bauch, 1941) and acenaphthene (Levan 
and Sandwell, 1943) on yeast. Recent investigation by Levan (1946) 
has given cytological support to earlier assumptions of the effect of these 
agents on chromosome-doubling in yeast and has added butyl alcohol 
and benzene to the agents inducing mitotic disturbances in this organism. 
The absence of direct genetic or cytological evidence makes it diflScult to 
evaluate any postulated mutational effect of cyanide on yeast (Stier and 
Castor, 1941) and of nitrite and other agents on Aspergillus (Steinberg 
and Thom, 1940). 

Other attempts to demonstrate mutagenic action of chemicals with 
genetically suitable material have not been conclusive, perhaps because 
of the relative ineffectiveness of the agents used, or because of diflSculties 
in establishing effective concentrations in germ-plasm. This is true of 
most investigations with Drosophila^ although possibly significant effects 
have been obtained here with copper sulfate (Law, 1938), phenol (Hadom 
and NiggU, 1946), and with sulfonamides (Thomas and Ghevais, 1943). 
Finally, it is as yet impossible to detect and demonstrate mutations in 
tissues of higher animds by the direct application of classical genetic 
techniques. The recent demonstrations, by Auerbach and Robson, of 
the effects of mustard gas in inducing germinal as well as somatic muta¬ 
tions in Drosophila (Auerbach and Robson, 1946; Gilman and Philips, 
1946; Dixon and Needham, 1946) may lead to a dissolution of this 
apparent impasse. 

Examination of the effects of this chemical, )8j8'-dichlorodiethylsulfide 
(Horowitz et 1946) and of the related nitrogen compound, 
jSjS'-dichlorodiethylmethylamine (Tatum, impublished results) on Neuro* 
spora, has proved that both agents produce gene mutations apparently 
analogous, in effect, to those produced by irradiation (table 1). It 
may be more than coincidence that some of the N-mustard mutations in 
Neurospora axe genetically, and probably biochemically, different from 
mutations so far obtained with irradiation. The ability of these chemicals 
to induce mutations is further substantiated by the ^ect of N-mustard 
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Table 1 

Mutations Produced in Neurospora by Treatment with Sulfur Mustard 
AND Nitrogen Mustard* 



Total 

cultures 

tested 

Morphological 

mutants 

Biochemical 

mutants 

Total 

mutants 



No. 

Per 

cent 

No. 

Per 

cent 

No. 

Per 

cent 

Reference 

Untreated 

769 

0 


1? 

.13 

1 

.13 

Horowitz 

Treated 

with 

sulfur 

mustard 

760 

17 

2.2 

12 

1 

1.5 

29 

3.8 

et al. 
(1946) 

Untreated 

1507 

6 

n 

1 

.06 

7 

.46 

Tatum 

Treated 

with 

nitrogen 

mustard 

2657 

23 

1 

j 

35 

.94t 

48 

1.80 

(unpub¬ 

lished) 


* Reauirements of biochemical mutants: 
Sulfur mustard 
methionine, cystine 6 
leucine 1 
adenine 1 
p. a. b. 2 
Bil 

amino acids I 


t Maximum; 4.2% in one series. 


Nitrogen mustard 
methionine, cystine 9 
lysine 5 

tryptophane 1 (new genetic type) 

Be 2 

leucine 1 
choline 1 
Bi 1 
uracil 2 

isoleucine + valine 1 (new genetic type) 
amino acids 1 
yeast extract 1 


in producing biochemical mutations in Escherichia coli (Tatum, 1947— 
see TABLE 2). The mutations detected in these two organisms are char¬ 
acterized by failure of syntheses of specific growth-factors. These failures 
probably result from genetically altered or inactivated enzymic capacities 
(Horowitz et aLy 1945; Beadle, 1945a). 

The striking experiments of Strong and his collaborators, carried on 
over the past few years (Strong, 1945, 1946), have suggested that 
20-methylcholanthrene, under suitable conditions (long continued treat¬ 
ment and inbreeding with selection), is capable of producing, in mice, 
somatic mutations (mosaics) and germinal mutations (susceptibility to 
fibrosarcoma and gastric carcinoma) inherited as dominant characters, 
and a variety of color mutations of both dominant and recessive types. 
The occurrence and behavior of many of these mutations seem to indi¬ 
cate a general genic instability. It is noteworthy that, in mice selected 
for resistance to local methylcholanthrene carcinogenesis, many types of 
neoplasms have been produced by the carcinogen, acting on diflferent 




























90 


ANNALS NEW YORK ACADEMY OF SCIENCES 


Table 2 

Effect of /3/3-Dichlorodiethylmethylamine on E. coli 58 
(Tatum, 1947) 


Series 

Treatment 

Survival 

ratio 

Cul¬ 

tures 

tested 

Mutant strains obtained* 

Stable 

Unstable 

Total 

Total 

Different 

No. 

Per 

cent 

No. 

Per 

cent 

No. 

Per 

cent 

No. 

Per 

cent 

1 


1/1x10' 

2034 

5 

.25 

4 

.2 

1 

.05 

6 

H 

2 i 

iBrnW 

BMPfW iliM 

1234 

5 

.4 

4 

.32 

13 


18 


3 1 

1 

IIhSSI 

■HI 

1182 

m 

.8 

6 

.50 

1 


11 



Bequirements: 
Series 1 


Series S 


Series 3 


proline, 2 
methionine, 1 
phenylalanine, 1 
tyrosine, 1 


proline, 1 
phenylalanine, 1 
threonine, 1 
hydrolyzed casein, 2 


proline, 4 
methionine, 1 
pyrimidines, 1 
purines, 1 

adenine or hypoxanthine, 
indole, 2 


1 


tissues. Strong has suggested that methylcholanthrenc may owe its car¬ 
cinogenic action to its effect in inducing somatic mutations. 

Attempts are now being made in our laboratory, by Mr. R. W. Barratt 
and myself, to detect and analyze the mutational effects of carcinogens on 
Neurospora,* The results with the more water-soluble 20-methylcholan- 
threne-endosuccinic acid suggest that this compound induces gene muta¬ 
tions in Neurospora similar, in effect, to those produced by irradiation 
and by treatment with the nitrogen and sulfur mustards, although the 
carcinogen is less effective than the other agents under the conditions 
used. Out of 3075 treated cultures, 6 biochemical mutant strains have 
been obtained. Dr. L. Garnjobst has found that one of these (No. Y6516) 
contains two apparently independent gene mutations. One gene controls 
the synthesis of p-aminobenzoic acid, and the other, of uracil or uridylic 
acid. With the very low mutation rate, the occurrence of two mutant 
genes in one strain is perhaps more than coincidence. In addition, neither 
mutation has been frequent in material treated with other agents. The 
p-aminobenzoicless character differs genetically from that most frequently 
found in irradiated material. The rather high frequency of occurrence 
of morphological mutant types found with methylcholanthrene in certain 
experiments may be significant, although further work with isogenic stocks 
will be needed to establish this. 

A number of attempts have been made to examine the effects of cer- 


♦ This investigation is being supported by a grant from the American Cancer Society. 
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tain carcinogens on growth and metabolism of microorganisms. Although 
the results have not been too convincing^ nor very thoroughly analyzed, 
they should be mentioned. DeClerck (1942) has reported more or less 
temporary effects of the carcinogen, Styryl 430, on the respiration of 
yeast, either stimulatory or depressing, depending on the duration of 
exposure. Most recently, Reese and Reese (1945), as well as Raab 
(1946), have demonstrated inhibitory effects of dibenzanthracene and 
of phenanthrene on the growth of bacteria and certain fungi. Spencer 
and Melroy (1942) have reported the effect of methylcholanthrene in 
limiting the growth potentialities of certain bacteria and of paramecium. 
In none of these instances has genetic analysis been possible. About all 
that can be said, at present, is that these carcinogenic substances are 
biologically active on microorganisms. 

It seems reasonably well established that methylcholanthrene is capable 
of inducing gene mutations in mice and in Neurospora^ and that the 
mutations produced affect visible morphological characters as well as 
biochemical ones such as susceptibility to cancer, and the synthesis of 
enzymes concerned with the manufacture, by the cell, of nutritional 
factors. It seems likely that the fundamental basis of these various muta¬ 
tions is the same, and that germinal and somatic mutations of both types 
may occur in animal tissues. This would reaffirm the significance of 
mutation in carcinogenesis. Somatic mutations affecting enzymes and, 
hence, the synthesis of cellular constituents could result in the modifica¬ 
tion of the growth capacities of the cell, perhaps along the lines developed 
by Potter (1944) in presenting his concept of the origin of cancer as 
based on enzymic mutation. Somatic mutations could also result in the 
release of the cell from its growth limitations, perhaps by facilitating or 
restoring the synthesis of a limiting growth-factor (negative control by 
the organism—^Lcdcrbcrg, 1946). As examples of this might be cited 
the reversion of a leucine-dependent Ncurospora mutant strain to leucine 
independence by back-mutation (Ryan and Lederberg, 1946) and the 
appearance of pleomorphic strains in cultures of Trichophyton as de¬ 
scribed by Robbins and Ma (1945). These pleomorphic strains differ 
from the original strains in being able to grow vigorously on ammonium 
nitrogen, and could result from mutation. Alternatively, somatic muta¬ 
tions might result in the production of an antagonist, or an enzyme re¬ 
sistant, to a hormone or other factor normally limiting enzyme activity 
and growth (positive control by the organism). Certain strains of 
Drosophila are characterized by decreased resistance to CO 2 (L’Heritier 
and Teissier, 1939). Certain color mutants of Drosophila also vary in 
their resistance to thiourea (Goldsmith and Hamly, 1946). Mutation in 
microorganisms leads to increased resistance to bacterial viruses (Luria, 
1947; Dcmercc and Latarjet, 1947), to heavy metal salts (Severens and 
Tanner, 1945), and to penicillin (Demerec, 1945). 
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The effects of methylcholanthrene on tissue cultures, as reported by 
Earle and his collaborators (Earle, 1943), are not inherently antagonistic 
to a mutational effect of methylcholanthrene. The change of all cells in 
a culture may have resulted from strong selection for a mutant cell type, 
as for virus resistance in microorganisms (or, conceivably, to cell-type 
transformation, as in Pneumococcus —^Avery et ah, 1944). The apparent 
continuous change in cell and tissue morphology and malignancy with 
longer treatment time is reminiscent of the step-wise acquisition of peni¬ 
cillin and virus resistance in bacteria, attributed to successive mutational 
steps (Demerec and Fano, 1945; Demerec, 1945). Finally, the stability 
of Earle’s tissue culture types up to six years after cessation of exposure 
to methylcholanthrene, is not incompatible with a mutagenic action of 
the carcinogen, especially since genetic tests for gene mutation, as op¬ 
posed to visible chromosomal aberrations of mitotic irregularities, are 
impossible in this material. 

The mutational approach to carcinogenesis is also not in apparent dis¬ 
agreement with the known factors involved in this process. Since a 
mutation, germinal or somatic, gene or chromosomaJ, determines the 
potentiality of a cell and not necessarily the expression of the character, 
it may be suggested that environmental factors, nutrition, irritation, 
hormonal levels, or biochemical changes resulting from further somatic 
mutation or virus infection, may determine the expression of the 
character, in this case neoplastic growth, in cells possessing these poten¬ 
tialities as the result of their genetic make-up. 

That exogenous carcinogens are involved, in certain instances, in ex¬ 
perimental cancer, either directly in the induction of somatic genic or 
extranuclear mutations, or indirectly through modification of enzyme 
synthesis or potentiation of the expression of gene-determined characters, 
is apparently undeniable. If the occurrence of “spontaneous” neoplasms 
requires like stimuli, it is possible that carcinogenic substances of 
endogenous origin are involved (for discussion and references, see Burk 
and Winzler, 1944). As has been pointed out, metabolic products of 
sterols and bile acids, or of sex or other hormones (Dobriner et aL^ 1946), 
may be involved. Irritation, physical or chemical such as CCU (Edwards 
and Dalton, 1942) or irradiation could likewise give rise to similarly 
active metabolic products. Kensler, Young, and Rhoads (1942) have 
suggested that metabolic products of carcinogens are the ultimate active 
substances in carcinogenesis. Spontaneous gene mutation, either germinal, 
somatic, or cytoplasmic, could also lead to the increased production or 
to the accumulation of carcinogens (see Wachtel, 1946a & b) derived 
from exogenous or endogenous precursors by modifying enzymes con¬ 
cerned with the normal metabolism of these substances, in a manner 
analogous to the modification of biochemical reactions by gene mutation 
in Neurospora or inheritable metabolic disorders in man. 
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Nor is the virus theory of cancer opposed to this interpretation of 
carcinogenesis. The demonstrations of the virus nature of Shope rabbit 
papilloma, of Rous chicken sarcoma and, most recently, of the mouse 
mammary tumor milk factor (Bittner, 1942) or the virus-like principle 
of Taylor (1943), find their counterpart in the demonstrations of extra- 
nuclear inheritance of characters in Pneumococcus (Avery et al.^ 1944), 
in yeast (Lindegren, 1945), in protozoa (Sonnebom, 1945), in Drosophila 
(Kalmus and Mitchison, 1946; Mampell, 1945), and in plants (Rhoades, 
1943). If current views of the relation of gene to enzyme (Horowitz 
et flZ., 1945; Beadle, 1945b, Spiegelman and Kamen, 1946) and of virus 
to gene and cell (Darlington, 1944; Woods and duBuy, 1945) are ac¬ 
cepted, the clear-cut demarcations of gene from virus and cytoplasm from 
nucleus are erased. A virus could be considered as an exogenous car¬ 
cinogen; also, as a mutagenic entity, if virus infection can be looked upon 
as a mutation. 

On the other hand, a virus of endogenous origin could be thought of 
as arising from mutation of normal cell constituents. If we interpret 
mutation in the broad sense to mean a heritable change involving any 
level between nuclear gene and cytoplasmic effect, all of these apparently 
antagonistic theories of carcinogenesis fall into one general pattern. 

A comparison of some of the biological and chemical effects of dif¬ 
ferent carcinogenic or mutagenic influences or agents will perhaps aid 
in clarifying the situation in regard to mutation and cancer. If muta¬ 
tion is involved, mutagenic agents should be carcinogenic and carcino¬ 
genic agents should have specific and demonstrable primary effects on 
heredity-determining entities "(cell nuclei) or on specific chemical com¬ 
ponents of these entities. These effects, to be significant, should be evi¬ 
dent at levels of treatment below those which produce secondary effects 
such as cytoplasmic protein denaturation or non-specific cell disorganiza¬ 
tion. Delectable effects might be significant at different levels of cell 
organization (as evidenced by abnormal mitosis or chromosome division, 
most convincingly as shown by genic mutation or chromosomal aberra¬ 
tion, or perhaps, basically, as indicated by modification of the physico¬ 
chemical properties of nuclear material or specific constituents thereof, 
particularly nuclcoprotcin and nucleic acid). 

Radiation seems to fulfill all of these requirements, since both x-ray 
and ultraviolet are carcinogenic and induce mutations, probably through 
their specific effects on nucleoprotein. Ultraviolet of 2537A depoly- 
merizes sodium thymonucleate very strongly (Hollaender, Greenstein, and 
Jenrette, 1941). X-ray has recently been shown to induce depolymeriza¬ 
tion of thymonucleohistone and sodium thymonucleate (Sparrow and 
Rosenfeld, 1946). 

The mutagenic chemicals of the jff-chloroethylamine and sulfide types 
have definite specific nucleotoxic actions, manifested by the effects of 
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low concentrations in inhibiting mitosis and in inducing mutations of 
different types in Tradescantia, Drosophila, bacteria, and Neurospora, 
No specific action of these compounds on nuclcoprotein or thymonuclcate 
has been reported yet, nor have rigorous tests for carcinogenicity been 
described. 

Carcinogenic chemicals such as methylcholanthrcne and dibenzanthra¬ 
cene seem specifically to affect nuclear and chromosome behavior, as 
evidenced by their effects on mitosis, as well as on nuclear and chromo¬ 
some size (Biesele, 1944), similar to the effect of camphor on yeast. The 
effect of the carcinogens or their metabolic products may be on nucleo- 
proteins, in view of the adsorption of such substances as benzpyrene by 
mitochondria of Daphnia and mammalian cells (Graffi, 1940). This 
observation is of particular interest in relation to the theory of the origin 
of viruses from mitochondria proposed by Graffi and by Woods and 
duBuy (1945), and in relation to the role of mitochondrial mutation in 
carcinogenesis suggested by these authors. The results with mice and 
with Neurospora suggest that at least one carcinogen, methylcholanthrene, 
has mutational effects. 

Another action of all these agents is that of inhibiting enzyme produc¬ 
tion or activity. The latter effect of carcinogens, as shown by in vitro 
experiments (Kensler et aL, 1942; Potter and du Bois, 1943, is not neces¬ 
sarily directly related to carcinogenicity. The demonstrations of Green- 
stein and Chalkley (1945) that thymonucleate combines with and 
regulates the activity of respiratory enzymes, suggests that the effect of 
carcinogens on enzyme activity in vivo (sec Potter, 1944) might be in¬ 
direct, and that the primary effect might be on nucleoproteins, nuclear 
or extranuclear. In either case, the effect might be heritable and, in the 
broad sense, constitutes a mutation. The inhibitions of enzyme activity 
by irradiation and by the mustards (see Herriott et aL, 1946) may be 
evident only at higher intensity or concentration levels than those giving 
mutational effects. 

In conclusion, a critical evaluation of the evidence for and against the 
mutational theory of cancer, perhaps, cannot yet be made. Nevertheless, 
many of the known facts regarding the changes taking place during 
carcinogenesis seem to support this theory, and perhaps none arc in actual 
disagreement. As indicated previously, if a broad definition of mutation 
is accepted, the theory that cancer results from mutation may, in time, 
dovetail with other theories, viral, adaptational, and enzymatic, that have 
been proposed, and may prove to be the common factor in carcinogenesis. 

Note added in proof. Dr. M. Demerec has recently reported that four 
carcinogens, 1,2,5,6 ffibenzanthracene, methylcholanthrene, benzpyrene, 
and j8-naphthylamine, induce mutations in Drosophila (Nature 159:604, 
1947; and a paper presented at the 1947 meeting of the National Acad¬ 
emy of Sciences, abstract in Science 105:634, 1947). 
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THE NUTRITION OF MONOCELLULAR ANIMAL 
ORGANISMS* 

By George W. Kidder 
Amherst College, Amherst, Massachusetts 

The justification for the material I am about to present was implied, 
I believe, at the opening of the conference. Any advances we can make 
in our understanding of fundamental problems of cell metabolism will 
surely be of some aid to a better understanding of the cancer problem. 

Perhaps the ideal of the animal nutritionist is, first, a complete bio¬ 
chemical analysis of the nutritional requirements of the organisms used 
for experimentation and, second, an analysis of the physiological role of 
the various components of the diet. Although our knowledge of the 
function of many of the components of animal diets has increased enor¬ 
mously within the past few years, there are still more gaps to fill than 
have been filled up to the present. Too often, this type of work is seri¬ 
ously handicapped by a biotic environment too complex to analyze. Just 
as often, in the past, this complexity has not even been appreciated. The 
nutritional-requirement problem suffers most in this respect, for it be¬ 
comes very difficult indeed to decide whether the animal in question does 
or does not require a certain substance, when the intestinal tract of the 
animal is harboring unknown microorganisms with varying synthetic 
abilities. The ideal situation with which to work, therefore, would be 
aseptic laboratory animals. Aseptic vertebrates have been established 
and maintained, but the addition to our knowledge of nutrition by the 
use of these animals has been almost nil. It appears that the persistence 
of the animal nutritionists in using rats, mice, chicks, and dogs has been 
maintained because these organisms are more nearly like man and his 
domestic animals and, therefore, what knowledge can be had from such 
studies will have a better chance of being applied directly. This tendency 
has been prevalent also in fields other than nutrition. 

If we set as our goal the establishment of pure cultures, Le., experi¬ 
mental animals with which we can be sure that our analyses pertain to 
the single species, then it seems that a number of criteria should be con¬ 
sidered. First, will the animal grow and carry on its metabolic activities 
in a relatively normal manner when freed of its associates? Second, will 
its size be such that it can be readily manipulated under aseptic condi¬ 
tions? Third, will the bulk of its nutrients not be hopelessly expensive? 

* A portion of the results reported here were obtained with support from a srrant from The 
U. S. Public Health Service. I should like to acknowledge the valuable help I have received, in 
much of this work, from a number of my students, and especially from Dr. Virginia C. Dewey, 
who is again with me as Research Assistant at Amherst College. 
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Fourth, it would be desirable to be able to compare the results obtained 
with other types of animals for practical as well as theoretical reasons. 
This last consideration comes down to the question: How different are 
animals fimdamentally? Are there basic nutritional patterns which are 
really animal in character? If so, there is no reason why not to examine 
the Protozoa, since some of them seem to meet the criteria mentioned. 
They certainly have not proved to be simple, as a group. Most of 
those studied so far have defied complete analysis. It has been pos¬ 
sible to show that a number of the vitamins important to higher or¬ 
ganisms are also needed by many Protozoa, but the requirements for 
specific amino acids have been analyzed for one genus only. So far, the 
majority of the pure-culture protozoans have been grown in mixtures 
containing natural products such as proteins, peptones, various extracts 
of plant and animal origin, etc., and the situation here is only a little better 
than in non-sterile cultures. 

Time does not permit the development of the subject of protozoan 
nutrition through the stages of sheer speculation, when other micro¬ 
organisms in the medium were thought to be imimportant, through the 
not too distant past when nutritional studies were based upon the types 
and brands of peptones used, to the present when more precise methods 
are utilized. Credit for our present appreciation of many of the prob¬ 
lems in this field goes to Andre Lwoff of the Pasteur Institute, who, in 
1923,^ announced the establishment of bacteria-free cultures of a protozoan 
of typical animal nature. The various strains of this genus of ciliate, 
Tetrahymena^ have proved invaluable for nutritional studies. 

Although Tetrahymena is the only true protozoan which has been 
cultured in the absence of natural proteins or peptones, we have some 
information regarding the growth factor requirement of other types. 
The flagellates listed in table 1 have been cultured only in the presence 
of peptones with or without serum, so that the column, “unidentified 
factors”, should be filled in in every case. In this table, however, the 
plus sign indicates special factors, perhaps peculiar to the species studied. 
The blanks simply indicate that nothing is known regarding that factor, 
while the minus sign indicates that an exogenous source of the factor 
is unnecessary. The trypanosomids of insects apparently synthesize 
adequate amounts of cholesterol and ascorbic add. Half of those studied 
require hematin, while the necessity of an exogenous source of thiamine 
has been found in all those tested for this vitamin. The trichomonads, 
leishmanias, and Schizotrypanum all require serum factors, so that 
determinations of a possible thiamine requirement have not been made. 
All of the trichomonads seem to possess the same growth factor pattern, 
as far as tested. The leishmanias from reptiles differ from the human 
parasites, and from Schizotrypanum^ in their lack of an ascorbic acid 
requirement. 
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Table 1 

Growth Factor Requirement: Animal Flagellate 


Organism 

Growth factors 

Reference 


CSholesterol 

Ascorbic acid 

a 

i 

1 

C 

’e 

) 

1 

1 

Unidentified 

factors 


Strigomonas oncopelti 

Strigomonas ctenocephali 
Strigomonas fasciculata 

Strigomonas culieidarum anophelis 
Strigomonas culieidarum culcis 
Strigomonas muscidarum 
Strigomonas parva 

Strigomonas media 

Trichomonas batrachorum 
Trichomonas columhae 

Trichomonas foetus 

Eutrichomastix eolubrorum 
Leishmania agamae 

Leishmania ceramodactyli 
Leishmania tropica 

Leishmania donovani 
Schizotrypanum erusi 

1i1111 II++++ 

1 1 1 1 1 i 1 1 +++ 11+++ 

H 

f- 

■1 

- 


M. Lwoff 

— 


- 

h 

h 

Gailleau 


- 

M. Lwoff 


One member of the Sarcodina has been studied in pure culture 
(table 2). Acanthamoeba requires thiamine or the thiazole and 
pyrimidine parts of the molecule. Later work by LwofP*^ suggests that 
the pyrimidine portion alone is sufficient. 

The recent work by Ball and his collaborators^^ tends to show that 
Plasmodium requires rather high concentrations of p-aminobenzoic acid^ 
in addition to a number of unidentified factors. 

Of the Ciliates other than Tetrahymena, very little of an exact nature 
is known. Glaucoma scintillans requires thiamine,^ in addition to 
unidentified factors present in yeast and peptones. None of the known 
vitamins were determined for Colpidium, due to the nature of the un¬ 
known factors required.^® The work of Johnson and Tatum^^ shows 
that Paramecium requires at least two unidentified factors from 
plasmolyzed bacteria, one extremely labile and the other stable to heat. 
Working with this “plasmoptysate,” Tatum and collaborators®®* have 
shown that Colpoda requires, in addition, rather high concentrations of 
thiamine, pantothen, riboflavin, nicatmamide, and pyridoxine, but does 
not require an exogenous source of PAB, biotin, or inositol. 

In no true Protozoa are the amino acid requirements known, except 
for the genus Tetrahymena, and it is this genus that I want to describe 
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Table 2 

Growth Factor Requirement 


Sarcodinia 


Organism 

Growth factors 

Reference 

i 

s 

I 

Pantothen 

Riboflavin 

Nicotinamide 

Pyrodoxine 

1 

Biotin 

*3 

§ 

►H 

Unidentified factors 


Aeanthamoeha castellanii 

T 









A. Lwoff <”> 


Sporozoa 


Plasmodium knowlesi 



Ball, et aL 


Ciliates 


Glaucoma scintillans 

Colpidium campylum 

Paramecium multimicro-nucleata 

+ 





1 

1 

1 

+ 

+ 

+ 

Kidder & 
Dewey 
Peterson 
Johnson & 
Tatum 

Colpoda duodenaria 

+ 

+ 





1 

1 

+ 

1 

1 

Tatum, 
et al. 


in some detail. Indeed, it may be said that this is the only genus in the 
animal kingdom, grown under aseptic conditions, in which the amino 
acid requirements have been reported in the literature. A possible excep¬ 
tion to this statement is the avian embryonic tissues reported this year 
by White, but no analysis of the actual requirements for individual amino 
acids was given. Very recently. Dr. Schultz has succeeded in this respect 
Drosophila (personal communication). 

For some years now, we have been studying the biochemistry of six 
strains of Tetrahymena geleii and two strains of Tetrahymena vorax. 
The general nutritional patterns are the same for all strains, although 
differing in details. What I have to say from now on applies specifically 
to Tetrahymena geleii, strain W. 

I shall review, briefly, the growth factor or vitamin pattern for 
Tetrahymena, which has been established except for one unknown factor 
(Factor II). The only member of the vitamin B complex which this 
ciliate must have from an outside source is pteroylglutamic acid (table 3). 
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Table 3 

Growth Factor Pattern: Tetrahymena geleii W 


I. Required 

A. Pteroylglutamic acid or Vitamin B conjugate 

B. Purine (especially guanine) 

C. Pyrimidine (especially cytidylic acid) 

D. Factor II (unidentified) 


II. Synthesized in inadequate amounts for optimum growth* 



Growth 

Maximum 


rate 

yield 


increased 

increased 

A. Thiamine 

0 



B. Riboflavin 

4 " 

- 

- 

G. Pantothen 

0 

- 

- 

D. Niacin 

+ 

- 

- 

E. Pyrimidine 

+ 

- 

- 

F. Biotin 

+ 

- 

- 


III. Synthesized in adequate amountsf 


A. p-Aminobenzoic acid 

B. Inositol 

* Actual vitamin ssmthesis was shown hy microbiological methods using LactohaetUua easei. 

t Both p-aminobenzoic acid and inositol were shown to be synthesized by the ciliates, when 
employing assay methods with “aminobenzoic-le«<««'’ and “inositol-less” mutants of Neuroapom 
craaaon These strains of Neuroapora were furnished by Dr. E. L. Tatum of Yale University. 

Quantitative determinations show that its requirement is approximately 
ten times greater than that of the PGA-requiring bacteria.^® Recently, 
we received a sample of vitamin Be conjugate from Dr. Bird of the 
Parke-Davis Laboratories, and we find that Tetrahymena possesses the 
necessary conjugase for this substance. The polyglutamate was twice as 
active as the monoglutamate. The Streptococcus lactis R factor, obtained 
from the Merck Laboratories, could partially substitute for PGA at high 
levels,^® but ptcroic acid, supplied by Dr. Stokstad of the Lederle Labora¬ 
tories, was entirely without activity. This may be direct evidence that the 
SLR factor and pteroic acid arc not identical, although they appear to 
be when tested on bacteria. It is more probable that the SLR factor 
used was contaminated with PGA, since it was a natural product. 

Purines are required for growA, but the ciliate is not limited to the 
use of one. The most active is guanine (or its nucleoside or nucleotide), 
but adenylic acid alone is suflficient for indefinitely transplantable 
growth.^^ 

Either uracil (or its nucleoside or nucleotide) or cytidylic acid can be 
used to supply the pyrimidine requirement, the latter being the most 
active. Hydrolyzed nucleic acid can, of course, meet the needs for both 
the purines and pyrimidines, and this is regularly used for many of the 
studies.^*^ 
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What we have called Factor represents the only unidentified 

substance required by Tetrahymena. This factor is under investigation, 
at present, in Dr. Stokstad’s laboratory, but it should be stated that its 
chemical characteristics are such that it has not hindered the work on 
the other growth factors, from all of which it is separable.^^* 

Six members of the B-complex can be synthesized by the ciliate, but 
at rates too low for optimum growth. The addition of thiamine docs 
not increase the growth rate during the logarithmic phase, but raises the 
maximum yield and longevity of the culture.^® Another interesting point 
regarding thiamine is that individual cell size is reduced to as much as 
one quarter of normal when the vitamin is produced endogenously. 

The other vitamins in this category, with the exception of pantothen, 
not only increase the maximum yield when added to the medium, but 
the growth rate as well. Exogenous pantothen does not affect the growth 
rate.®® 

p-Aminobenzoic acid and inositol are synthesized in appreciable quan¬ 
tities by the ciliate, and added amounts are without effect. The exact 
status of choline is still in doubt. 

In all studies on nitrogen and carbon metabolism, the substances listed 
in groups I and II are included, together with choline and the inorganic 
salt mixtures used by Hall and Cosgrove.®'*' 

The usual procedure was followed in determining the essential amino 
acids for the ciliate, once it was possible to obtain growth in protein 
hydrolysates. A mixture of the 19 amino acids found in casein was used 
and single omissions were tested.®® From these results, as shown in 
TABLE 4, it appears that the ten amino acids regarded as being indis- 


Table 4 

Tetrahymena geleii W 


Amino acid omitted 

Gells/ml., 3rd 
transplant 

Amino acid omitted 

Cells/ml,, 3rd 
transplant 

None 


Leucine 

0 

Alaxiine 


Lysine 

0 

Arginine 

6,500 

Methionine 

0 

Aspartic acid 

290,000 

Phenylalanine 

0 

Cysteine 

240,000 

Proline 


Glutamic acid 


Serine 


Glydnc 

260 

Threonine 

0 

Histidine 

0 

Tryptophane 

0 

Hydroxyproline 

240,000 

Tyrosine 

210,000 

Isoleucine 

0 

Valine 

0 


pensable for mammals were dther not synthesized or synthesized in 
amounts inadequate for optimum growth. Glycine appeared to fall into 
the same category. Further tests, however, soon proved that the results 
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were misleading regarding glycine. This seems to function as a detoxify¬ 
ing s^nt for some of the non-csscntials included,^® for optimum growth 
was possible using just the other 10, with small amoimts of serine added. 
Serine was the only one of the non-essential amino adds which was really 
stimulatory, and has been incorporated into the medium for the later 
work. It seems possible that the role of glycine in chick nutrition, where 
it is reported to be essential in nature, is similar to what we have foimd 
here. 

Our eventual amino add mixture, therefore, consisted of the ten essen¬ 
tial amino adds with serine added, the proportions bdng based on the 
published analysis of gelatin, with arbitrary amounts of tryptophane and 
valine (table 5). The final medium contained 592.11 micrograms of 


Table 5 



Micrograms/ml. 


Based on 
gelatin 
analysis 

Based on 
growth 
optimum 

1 (-}-) -arginine mono-hydrochloridc 

1(—)-histidine mono-hydrochloridc 

820 

80 


25 

dl-isoleucinc 

350 

10 

1(—)-leucine 

350 

50 

dl-lysine 

600 

60 

dl-methionine 

340 

50 

dl-phenylalanine 

140 

35 

dl-threonine 

200 

25 

1 (—) -tryptophane 

100* 

5 

dl-valine 

200* 

15 

dl-serine 

40 

60 

Total 

3240 

(N 592.il) 

415 

(N 71.45) 


* Amount arbitrarily added. 


nitrogen per ml Using this mediuna and varying the individual amino 
acids, we determined the optimum concentrations for each. These figures 
(shown in the second column of table 5) which were finally used for the 
proportions, were considerably lower than in the original mixture. Then, 
of course, ihe total nitrogen (71.45 micrograms/ml.) was too low, but 
by increasing the total concentration eight times, and maintaining the 
same proportions, optimum growth resulted. 

During the course of this work, we compared the activity of natural 
and racemic tryptophane and leucine. The dl-tryptophane was found to 
be approximately 75 per cent as active as the natural material. It seems 
that tihe unnatural isomer can be metabolized, but at a low rate. On 
the other hand, natural leucine was approximately six times as active 












NO. CELLS / UL. 
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as the racemic mixture. This means that the unnatural isomer will not 
substitute for the natural and is, in addition, inhibitory. 

A number of substances were tested for their sparing action for specific 
aminn adds. Cysteine was fotmd to spare, but not replace, methionine. 
Homocystine can replace methionine (choline was present). Tyrosine 
can spare, but not replace, phenylalanine. The dliatc lacks the ability 
to condense indole with serine for the synthesis of tryptophane. Serine, 
cystine, and glycine together can partially replace valine. 

A number of years ago, Schoeidieimer and his collaborators®'^- ** were 
able to show, by the use of the tracer technique, that ammonium nitrogen 
was used by the rat in the synthesis of some of its amino adds. Rats 
were fed ammonium citrate containing N^®, and later analysis revealed 
the presence of the isotope in some of thdr ammo adds. It was of 



48 72 96 120 U4 168 192 240 

HOURS 


Os ganuatln tjaa la hours during ths logarithnie gioirth phass 
Figubb 1. 
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interest, therefore, to determine whether or not the dliate could utilize 
ammonium nitrogen and, if so, whether or not it could replace, to any 
appreciable extent, the amino nitrogen needed for protoplasmic synthesis. 
Accordingly, the concentration of Uie eleven amino acids employed was 
reduced to %6 optimum level. To this, varying concentrations of am¬ 
monium pyruvate were added, with and without dextrose. A typical 
example of the results of one set of concentrations is shown in figtoe 1. 
When the organisms arc limited to this small amount of amino acids, 
for architectural material and the synthesis of the other amino acids which 
go to make up their protein, as well as their sole energy supply, the life 
of the culture is curtailed (curve A). During the death phase, the cells 
become extremely emaciated. When ammonium pyruvate is added in the 
concentration shown in B (1,000 micrograms/ml. containing 133 micro¬ 
grams of N/ml.), the caloric content of the medium is increased approxi¬ 
mately five-fold by the pyruvate, but pyruvic acid is utilized so readily 
that the only striking difference is the increase in growth rate and maxi¬ 
mum yield. Death results at about the same period. When 2,000 micro¬ 
grams/ml. of dextrose is added to the amino acid medium (C), the 
caloric content is increased ten-fold. Growth is slower, but the maximum 
yield is increased. Probably, essentially all of the amino acids can be 
used for protein synthesis, cither as the essential building blocks or for 
synthesis of the non-essentials, and none need be consumed for energy. 
By ten days, however, these cultures are likewise dead (curve C). Evi¬ 
dence of the wasting away of the cells is postponed. When both ammonium 
pyruvate and dextrose are added (D), the caloric content of the medium 
is approximately fifteen times greater than that supplied by the amino 
acids alone. The shape of the growth curve is normal, the cells do not 
become shriveled, and a fairly high population is maintained for long 
periods of time. The addition of ammonium nitrogen makes it possible 
for the ciliates to synthesize protoplasm in a medium otherwise extremely 
deficient. The conditions, then, for the maximum utilization of am¬ 
monium nitrogen by the ciliates, arc an adequate energy source, just 
enough of the essential amino acids (and in the proper balance) to meet 
the immediate needs of body protein synthesis, and an adequate supply 
of ammonium nitrogen for the synthesis of the non-essential amino acids. 

We feel that these results may have far-reaching nutritional implica¬ 
tions. It was shown as early as 1900, by Kellner,®® that ruminants could 
utilize ammonium nitrogen as part of their diet, but he ascribed this to 
the ability of the microorganism in the rumen to convert the ammonia 
to protein. This idea was given support, in 1939, by Schmid,^® who 
found that, of the microorganisms present in the rumen, only certain 
of the bacteria were responsible for converting ammonium nitrogen to 
bacterial proteins. Essentially the same results were reported by Klein, 
in 1941.^^ The possibility, indicated clearly by Schoenheimer’s work with 
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tracer nitrogen in the rat, that higher animals, other than the herbivores, 
might be able to utilize non-amino-nitrogen in a nutritional sense, does 
not seem to have received the attention it deserves. If it is at all legitimate 
to compare the metabolism of Tetrahymena with higher types on the 
basis of its amino acid requirements, its vitamin pattern, and, as Thomas^ 
has shown, of its anaerobic respiratory mechanism, then it seems that 
the possibility should be explored as to whether or not an appreciable 
part of the nitrogen requirement of even the human can be supplied 
by ammonium salts—^in view of their cheapness. 

This brief resume of some of the biochemical and physiological aspects 
of the animal protozoa, mainly Tetrahymena, indicates some of the basic 
principles which can be attacked using this type of material. If even a 
few of the fundamentals of animal cell metabolism can be finally under¬ 
stood by their use, these protozoa will have contributed their fair share. 
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THE NUTRITION OF MALIGNANT TISSUE IN VITRO 

By Philip R. White 

Institute for Cancer Research^ Philadelphia^ Pennsylvania 

The title of this paper is not of my own choosing but was suggested 
to me by the conference committee. I shall, I fear, fulfil my obligation 
more in the breach than in the fact, for there is very little of fact that 
can be said about the nutrition of any tissue, any animal tissue at least, 
in vitro, and still less about malignant tissue. All that I can do is to 
outline some of the problems and suggest approaches likely to lead to 
their solution, from my work on tissue cultures and their nutrition, first 
with plant tissues {vide Dr. Robbins) and, more lately, with animal 
tissues. The history of tissue cultures is a long and complex one. 
Haberlandt first outlined the problem in 1902, and made the first 
consistent attempts to solve it. The first successful short-term cultures 
were carried out five years later, by Harrison, using clotted lymph as 
both substratum and nutrient. Burrows substituted plasma for lymph, 
and Carrel introduced the use of embryo juice, thus making possible the 
consummation of cultures of xmlimited duration. The Carrel method 
remained standard from 1912 until his death. 

Obviously, a nutrient made up of blood plasma and embryo juice, 
even though one may be able to prepare it with sufiicient precision to 
obtain duplicable results, is nevertheless not suitable for nutritional studies. 
If we are interested in thiamin nutrition, for example, we cannot start 
from scratch. Embryo juice contains thiamin. If we subject it to suffi¬ 
ciently drastic treatment to destroy or remove the thiamin, we have rea¬ 
son to believe that we may, at the same time, destroy or remove other 
nutrient factors as well. If we do not so treat it, we are dealing with 
an unknown base line. It is like trying to study the physics of bounce 
in a rubber ball without knowing if it is being bounced against a concrete 
floor or a deep pile carpet. If we are interested, as one of my friends 
has been, in the synthesis of thyroxin in tissue culture, we encounter a 
similar problem, for thyroxin contains iodine, while embryo juice and 
plasma contain minimal, only imprecisely known, and probably variable 
amounts of iodine. If thyroid tissue cultures fail to form thyroxin, we 
do not know if this is due to some general change in metabolism or merely 
to iodine deficiency. Mere adding of iodine to the plasma still gives 
us an unknown base. It is quite impossible, at present, to study the nutri¬ 
tion of normal tissues in vitro in any precise manner. Obviously, if we 
cannot study the nutrition of normal tissues in vitro, we have little chance 
of studying that of malignant ones. It will, thus, be necessary, before any 
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real studies can be made on the nutrition of either healthy or malignant 
tissues, to develop nutrients of precisely known constitution which con¬ 
tain all the elements necessary for survival and continued growth and 
which do not contain elements which are not necessary for survival 
and growth. Only when it is possible to bring about failure of a culture 
by omission of any single element or known substance from the nutrient, 
and bring about marked change in behavior by addition of any single 
significant element or substance, can we begin to study tissue nutrition. 
Such a nutrient should supply the base line, the control for all studies. 
At the moment, however, it is not available. 

A problem of this sort can be attacked in either of two ways, or both 
ways at once. We can analyze a complex nutrient such as embryo juice, 
which is known to be capable of supporting unlimited growth, to deter¬ 
mine which of its constituents are really essential. Or we can use the 
scraps of evidence available from collateral fields as a basis on which 
to bring together a variety of relatively simple substances, in the hope 
of arriving at some combination which will support growth. Until 
recently, only the first approach has been extensively employed, for fairly 
evident reasons. 

Analysis is always the first step in science. Carrel and Baker sought 
to analyze embryo juice by a variety of physical and chemical means. 
They concluded that animal fibroblasts could not utilize simple com¬ 
pounds such as amino acids but required complex proteoses or poly¬ 
peptides and, in addition, unknown trephones, alexins, and other sub¬ 
stances. Their work never led to the elimination of either plasma or 
serum from the nutrient. . Simms has approached the problem in a some¬ 
what similar fashion by the use of his “ultrafiltrate” which, while it is 
probably proteose in nature, is still an unknown of considerable com¬ 
plexity. 

It is probably true that, as recently as ten years ago, no other approach 
to the problem offered any considerable hope of success. For, by then, 
our knowledge of the nutrition of organisms had hardly passed beyond 
the carbohydrate-protein-fat stage. We had some glimpses of the sig¬ 
nificance of vitamins and hormones, but no usefully precise knowledge. 
That, however, is no longer true. We now know the vitamin require¬ 
ments of a great many organisms, and we have a pretty good picture of 
the amino acids and other protein constituents required. Moreover, 
collation of our information on a wide variety of organisms permits us 
to make certain generalizations which can be extended to organisms not 
yet studied. When we find thiamin an essential constituent in the diet 
of chicks, fungi, and tomato roots, we are safe in assuming its necessity 
for fibroblasts, since fibroblasts are, themselves, “elementary organisms”. 
The fact that some organisms can make their own thiamin at varying 
levels of siuBSciency, does not at all affect the conclusion that we should 
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try thiamin as a constituent of any nutrient which we wish to devise. 
When we find histidine an essential constituent in the diets of rats and 
diphtheria bacilli, or glycine an effective nutrient for tomato roots and 
also an important constituent of anti-shock synthetic serum, we can look 
upon them as probable constituents of tissue nutrient solutions, even 
though histidine is not essential for maintenance of nitrogen balance in 
man, and glycine can be dispensed with by rats. When we find biotin 
cropping up as the “bios” of yeast, as a co-enzyme in legume bacterial 
respiration, as a nerve vitamin, and as an essential nutrilite for Neurospora, 
we can look upon it as a general requirement. This means that we have 
more than the beginning, I should say, on which to build a real syn¬ 
thetic nutrient for animal tissue cultures and thus establish the necessary 
base line for a real study of tissue nutrition. 

Has this information been made use of adequately? I think not. Baker, 
and Baker and Ebehng have introduced certain vitamins into the nutrients 
for fibroblasts, but omission of pyridoxine, niacin, pantothenic ■ acid, 
inositol, biotin, choline, and folic add from any mention in their studies 
surely leaves much to be desired. Parker tells me that an amino acid 
mixture was used in some of Carrel and Lindberg’s studies, but this was 
not published. Gey concluded that most amino acids were toxic, as one 
would gather from the literature of Carrel, Baker, Burrows, and others. 
While I feel fairly sure that others have thought along these same lines 
and must have carried out some investigations, I am familiar with only 
three groups which appear to have attacked the problem consistently and 
with some success. I refer to the groups centering around Simms in 
New York, Fischer in Copenhagen, and myself in Philadelphia. 

I shall not attempt to speak for Dr. Simms. His work on the scrum 
ultrafiltrate is an attempt to push back the bounds of ignorance by 
analytical methods and then to pile synthesis onto this base. His work 
on phosphate level as a factor in cell type dominance is important. 
Filtration, however, still docs not, to my mind, establish a suflScicntly 
clear base line, nor has Simms’ group made adequate use of our newer 
nutritional knowledge. I think that much can be done with ultrafiltrate 
as a base, much more than has been done, by way of superimposing 
various growth-requirements thereon. But, at best, these will constitute 
a partial, though important, answer. 

Dr. Fischer’s work in Copenhagen has been pushed a little farther 
in the direction I have in mind. He has dialyzed his plasma to a point 
where it will no longer support any growth, and then added syndetic 
solutions thereto. With the nutrient constituents of plasma especially 
in mind. Dr. Fischer has tried an amino acid mixture equivalent to fibrin, 
with very great success. But he has not made extensive tests of the other 
nutrient requirements and has now reverted to the analytical approach. 
His, too, is therefore only a partial answer. 
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The lack of adequate consideration of these factors has long impressed 
me and, three years ago, I undertook to try my hand at remedying the 
situation, not without hesitation, for my training as a plant physiologist 
is rather far removed from oncological physiology. It has, on the other 
hand, given me the occasion to acquaint myself with a broader range 
of the nutrition literature than, I think, is true of most tissue culturists. 
In planning this work, I have considered it desirable not to stop at the 
level of an ultrafiltrate or a dialyzed plasma, but to go all the way to a 
completely synthetic medium, eliminating both plasma and embryo juice, 
growing my tissues in test tubes directly on glass, without any organic 
framework, and substituting a liquid medium of known constitution for 
the usual brew. Not all tissues will attach themselves directly to glass, 
but chick embryo heart muscle, skeletal muscle, and epithelium will all 
establish a satisfactory attachment if allowed to fix themselves for about 
two hours in sealed tubes before adding the liquid phase. 

Table 1 


Nutrient Used in Cultivation of Chick Tissues In Vitro 


Inorganic factor 

mg./lOO ml. 

Vitamin 

mg./100 ml. 

dextrose 

850.0 

thiamin 

0.01 

NaCl 

700.0 

pyridoxine 

niacin 

0.05 

Ka 

37.5 

0.05 

Ca(NO,)a»HaO 

21.0 

riboflavin 

0.01 

AdgSOi 

27.5 

inositol 

0.05 

NaaHPO*«12HaO 

14.5 

ca-pantothenate 

0.01 

KHaPOi 

2.6 

biotin 

0.01 

NaHGOa 

55.0 

choline 


Fc(N03)3*9Ha0 
dl-lysinc HGl 

0.14 

folic acid 


15.6 

carotene 

0.01 

dl-methionine 

13.0 

vitamin A 

0.01 

dl-threonine 

13.0 

ascorbic acid 

0.05 

dl-valine 

13.0 

glutathione 


l-arginine HCl 

7.8 

cysteine HGl 

0.10 

1-histidine HCl 

2.6 

phenol red 


dl-isoleucine 

10.4 


dl-phenylalaninc 

5.0 



1-leucine 

15,6 



dl-tryptophane 

4.0 




The nutrient developed for this work (table 1) differs, in many respects, 
from all others in the literature. The inorganic portion replaces GaCb 
with Ga(N03)23 and MgGl 2 with MgSOi. It adds Fe(NOs)8 as a source 
of iron. The dextrose concentration is increased from 0.1 per cent to 
0.8 per cent. There have been other minor concentration changes. 
Vitamins supplied are thiamin (Bi), riboflavin (B 2 ), pyridoxine (Bo), 
niacin, biotin, calcium pantothenate, ascorbic acid (G), carotene, inositol, 
choline, and folic acid. The necessity for all these has not been individu¬ 
ally determined: this is, admittedly, a shot-gun mixture which will have 
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to be studied in more detail, which can probably be simplified, and may 
ultimately need to be enlarged. All we can say, at present, is that chick 
embryo tissues do better with all of these vitamins included than they do 
when all are omitted. 

Perhaps the most clearly important modification has been, contrary 
to the previous literature on the subject, the inclusion of amino acids in 
the nutrient. Those added for their nutritive value were chosen to cor¬ 
respond with Madden and Whipple’s blood plasma substitute, and in¬ 
cluded lysine, methionine, threonine, valine, arginine, histidine, isoleucine, 
phenylalanine, leucine, and tryptophane. Cysteine and glutathione 
(glycine, glutamic acid, cystine) were added as buffers against break¬ 
down of the vitamin A solution. Addition of this amino acid mixture 
increases survival of chick embryo tissues from the control level of five 
or six days to more than 50 days. That the amino acids are of crucial 
importance for growth of tissues and that, contrary to the earlier belief, 
they can be utilized in this form is, I think, now established beyond ques¬ 
tion by my own work and that of Fischer. Here, again, the naixture has 
not yet been subjected to detailed study and can, in all probability, be 
improved by simplification and expansion. 

Fischer tried this same amino acid solution superimposed on a plasma 
base. He concluded that it was without effect, but that a somewhat 
different solution, based not on Madden and Whipple but on Bergmann 
and Niemann’s fibrin analyses, was an effective nutrient. I have not yet 
tried Bergmann and Niemann’s formula. I think it may be significant, 
however, that it contains both cystine and glutamic acid, which were 
not present in Madden and Whipple’s mixture as supplied by Fischer, 
but were supplied in my work as glutathione in the vitamin mixture. 
Moreover, Fischer’s tests were made without vitamin supply and, pre¬ 
sumably, without a known iron supply. It will bo interesting to compare 
the two solutions under my conditions. 

Using this admittedly complex and insufficiently elucidated but never¬ 
theless fully synthetic nutrient, it has been possible to maintain chick 
embryo heart muscle beating for six weeks with repeated renewal of 
nutrient; skeletal fibroblasts in good condition for eight weeks; and 
epithelium and neural elements for somewhat shorter periods. The 
nutrient has not been tested extensively on adult avian tissues or mam¬ 
malian tissues. It has not been tested at all on malignant tissues. All 
this represents a beginning, hardly more. 

While the subject of this paper was to be nutrition of malignant tissues, 
they have hardly been mentioned so far. Lambert and Hanes 35 years 
ago, Fischer 20 years later, and others at various times, have shown that 
malignant tissues tend to liquefy plasma somewhat more rapidly than 
do normal tissues. As a concomitant of this liquefaction, which appears 
to be a digestive process, malignant tissues are able to survive and grow 
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at the expense of substrata which are insufficient for normal tissues. 
Carrel and Baker studied the effects of various tissue digests on sarcoma 
cells in 1928, while Demuth and von Riesen, at about the same time, 
carried out similar studies with carcinoma. Fischer and his co-workers 
also made studies of the same sort. The conclusion has been more or 
less identical in all these studies: that malignant tissues possess an 
enzymatic armamentarium which permits them to survive at the expense 
of nutrient conditions which are not suitable for normal tissues. It has 
been assumed that these conditions represent simpler compounds, that 
malignant tissues can use amino acids while normal tissues require pro¬ 
teoses. However, this was an assumption based on indirect evidence and, 
as Fischer and I have recently shown, it was an unsound assumption, for 
normal tissues can also utilize simple compounds. There obviously exists 
the alternative possibility that malignant tissues release amino acids from 
plasma, but that, in doing so, they are merely duplicating the quantitative 
conditions which already exist in embryo juice. Fischer’s demonstration 
that normal tissues will grow, though slowly, on plasma alone, but will 
not do so on dialyzed plasma, supports this view, adding one more case 
in which the difference between normal and malignant tissue appears 
to be quantitative and not qualitative. 

This leaves us still with very little in the way of facts concerning the 
nutrition of malignant tissues. I do not like to deal in theories but, in 
the absence of facts, I am prepared to run the risk of entering into a 
short discussion of the possible nature of malignant tissues, drawing upon 
my background in plant physiology for analogies. 

We possess, in plants, certain tumors called grown galls which bear 
many resemblances to animal cancers and can be manipulated in many 
ways not yet available to animal oncologists. Braun’s work on heat 
therapy in crown,gall tumor production on Vinca rosea has established 
that the irreversible change from normal to malignant cells goes to com¬ 
pletion in not more than 72 hours and is probably complete in consid¬ 
erably less time than that. Earle has, in a somewhat more tentative way, 
shown that the induction of malignancy in cultures of mouse tissues by 
use of methylcholanthrene is, likewise, complete in not more than six 
days. Black’s work on the involvement of wounding in the induction 
of virus tumors in plants, and Rous and Kidd’s studies on the effects of 
wounds and tar in accelerating the malignant change of the Shope papil¬ 
loma, also indicate that the actual cancerization may be a relatively 
abrupt process. 

The mutation theory of cancer is an old one. Dr. Tatum discussed 
its merits in one of the preceding papers, and some of my remarks may 
overlap his. . The mutation theory has, in general, been rejected because, 
unlike all other known mutations, it seems to be consistently unidirec¬ 
tional. You either have cancer or you have nothing. Mutations just 
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don’t act that way. But is this a true statement of the facts? Are we 
not setting up our conditions in such a way that this is the only possible 
visible result? In plant tumors, we have reason to believe that one of 
the major factors in the development of malignancy is the sudden 
enhancement of the cell’s capacity to synthesize the auxines necessary for 
its independent growth. Normal plant cells do not make quantities of 
these substances sufficient for autonomous growth, while malignant cells 
do. Now, where else in plant biology do we find a similar sudden change 
in the synthetic capacities of a cell? You will realize, immediately, that 
it is in the biology of Neurospora as elucidated by Beadle and Tatum. 
Here, mutations have occurred which result in sudden changes in the 
metabolism of the cell. These mutations are lethal, except when segre¬ 
gated by careful nutritional studies, based first on the establishment of 
a synthetic basic nutrient. The “wild-type” nutrient contains only biotin 
as acce^ory nutrilite. For the mutants, single substances or simple sub¬ 
stance combinations must be added thereto. Now, what would happen 
if similar mutations were to occur in the somatic tissues of a mammal? 
These tissues are dependent on the blood stream for such of their needs 
as they are not capable of covering by their own metabolism. We know 
that this dependence is great. If a mutation occurred by which the 
normal capacity of a particular cell to synthesize a substance supplied 
by the blood stream, such as pyridoxine, was lost, that loss would be with¬ 
out any visible effect. If a mutation occurred by which the synthesis 
of a substance required for survival and not supplied by the blood stream 
were lost, the cell would die and a minute necrotic locus would result 
which would soon be repaired. If a mutation occurred by which the 
capacity to synthesize a substance such as insulin (which is supplied by 
the blood stream) was acquired^ this would result in a notable response 
only if the concentration of that substance normally present was a limit¬ 
ing factor in tissue growth. Thus, knowing that thiamin is normally 
present in the blood stream at considerable concentration, and that 
thiamin is one of those substances of which one cannot get an overdose, 
it is clear that a mutation by which the cell’s capacity to synthesize 
thiamin was cither reduced or enhanced would produce no visible result 
whatever. Such a mutation would never be detected by our present 
methods. The same would be true of any substance which, while not 
present in the blood stream, is nevertheless neither necessary nor injurious 
to the cell. Only if the substance was a limiting one, would the response 
be visible. Now, in plant tumors, we have such a response. Plant tissues 
require auxine for autonomous growth. Their synthetic capacity fur¬ 
nishes a limiting condition in their behavior. When a capacity to syn¬ 
thesize auxine at a high level is acquired, there is an immediate escape 
from dependence on the surroundings, in the form of cancerization. 
There is reason to believe that the steroids may play a role in carcino- 
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genesis in animals. They are probably synthesized at low levels by many 
cells, but synthesis at a level significant for growth is ordinarily restricted 
to certain cells whose metabolism is adapted to handling them without 
untoward results. If, now, a tissue cell should abruptly acquire the 
capacity to synthesize steroids at a level which would free it of dependence 
on its surroundings, this might serve as the trigger for the development 
of what we call malignancy. I do not wish to emphasize this particular 
example. What I do want to stress is that, with our present methods 
of diagnosis, this is the only kind of a mutation that we would recognize. 
This is not quite true, for the abnormal production of melanin is 
recognizable in melanotic moles which, as we well know, aire often asso¬ 
ciated with or precursors of malignancy. Alcaptanuria, phenylpyruvic 
idiocy, albinism, etc., are all examples, in man, of metabolic somatic 
mutations which are recognizable. It seems to me extremely likely that 
similar mutations are occurring in the body constantly, and that they are, 
for the most part, imknown to us because, while melanosis, tumorization, 
and malignancy are visible, others are beyond our methods of diagnosis. 

If, on the o^er hand, we had means of growing cells in vitro under 
conditions which could be adequately controlled, there would immedi¬ 
ately become available to us the whole gamut of nutritional, respirational, 
enzymatic, and other studies which are used in diagnosing mutations in 
Neurospora and which have, in the past decade, given us such a large 
measure of command over the metabolic destinies of man and beast. It 
is for that reason that I have set up this hypothesis in discussing the 
nutrition of malignant tissues in vitro, for it is a hypothesis which can 
only be examined by such an approach. There seems to me to be no 
doubt that such an approach is needed and, although, as I must empha¬ 
size again, I can at the moment contribute little in the way of factual 
knowledge to the problem of malignant tissue metabolism, I hope to have 
pointed the way to possible methods of remedying this lacuna. 
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EFFECTS ON THE GENESIS AND GROWTH OF 
TUMORS ASSOCIATED WITH VITAMIN INTAKE 

By Harold P. Morris 

National Cancer Institute^ National Institute of Healthy United States 
Public Health Service^ Bethesda, Maryland 

Nutritional factors^ such as vitamins, which may be involved in the 
genesis of cancer should be clearly distinguished from nutritional con¬ 
stituents which influence the growth of a tumor that is already present, 
because the two processes may be quite different. Likewise, it is not pos¬ 
sible to make extensive generalizations from the effects obtained on one 
tumor to those which may prevail for other types of tumors. It is exceed¬ 
ingly difficult as well as hazardous, therefore, at the present time, fully to 
evaluate the role of vitamins in the origin and growth of cancer. It is, 
nevertheless, reasonable to believe that certain essential dietary constitu¬ 
ents, including vitamins, are involved in the genesis or growth of tumors. 

The experiments described in this paper were conceived and carried 
out to show the effects of different vitamin levels on the genesis as well 
as the development of tumors. In the change to malignancy, the require¬ 
ments of the altered cell may be such that it now requires more, less, 
or none of some vitamin essential to the normal cell. Two objectives 
of these nutrition studies have thus been the determination of the influ¬ 
ence of vitamin intake (1) on the in vivo growth of tumors already 
formed, and (2) on the genesis of cancer. The availability in pure form 
of pantothenic acid, pyridoxine, thiamine, and riboflavin made feasible 
the initiation of such experiments. 

The problem so far has included investigations of the following points: 
(1) the quantitative appraisal of the hostis requirement for the given 
vitamin; (2) effect of a rapidly produced, extreme deficiency of the vita¬ 
mins on the growth of tumors; (3) effect on the growth of the tumor 
of a vitamin intake just adequate to maintain body weight of the non¬ 
tumor-bearing adult animal; (4) other effects of vitamin deficiency or 
supplementation on tumor and host; and (5) influence of a prolonged 
partial vitamin depletion of the animal on the genesis of spontaneous 
mammary tumors. 

Not all of the above points will be fully presented in this discussion, 
and many details already published or to be published will be omitted 
in order to give briefly an overall picture of the in vivo studies so far 
completed. 


( 119 ) 



120 


ANNALS NEW VORK ACADEMY OE SCIENCES 


MATERIALS AND METHODS 

The diets used in our experiments contained all the dietary essentials 
except for the single one being studied. Two types of short-term deficiency 
experiments were carried out: (1) Rapid extreme depletion of the animal 
in a given vitamin by feeding the animal a diet adequate in all other 
dietary essentials except the one under investigation, with the diet as 
completely devoid of that vitamin as it was possible to prepare it. 
(2) Partial depletion of the animal in a given vitamin by adding just 
sufi&cient of the vitamin to the deficient diet to permit maintenance of 
body weight of the non-tumor-bearing animal. 

In producing the first type of short-term deficiency, a very rapid and 
extreme depletion of the animal occurred during a period of a few weeks. 
In the second type, the animal was never sufficiently depleted to develop 
clinical symptoms of deficiency. 

Long-term partial depletion of riboflavin was produced in mice by 
allowing the animal to consume ad libitum a diet which contained just 
sufficient riboflavin over a prolonged period to prevent the development 
of gross clinical symptoms of ariboflavinosis. 

The requirements for pantothenic acid, riboflavin, pyrido-xinc, and 
thiamine were carefully determined for growth of young mice and main¬ 
tenance of adult body weight of animals without tumors prior to the 
experiments on adult mice with tumors.^-Strain C3H mice were 
used tlnoughout. The spontaneous mammary tumor arising in this strain 
was utilized for the studies on tumor genesis and growth. Growth rate 
of the tumor was determined at weekly intervals over a period of several 
weeks. The size of the tumors was determined by measuring two 
diameters of the tumor with a caliper and expressing the size as the 
product of these two measurements. 

EXPERIMENTAL RESULTS 

Growth of Tumors During Short-Term Extreme and 
Partial Yitamin Deficiencies 

Pantothenic Acid. Short-term severe pantothenic acid deficiency 
inhibited growth of normal young mice and resulted in loss of body weight 
of adult animals.^ The influence of a deficiency of pantothenic acid on 
tumor growth was determined by placing C3H mice bearing small spon¬ 
taneous rnammary adenocarcinomata on this diet, which was extremely 
deficient in pantothenic acid.® The average rate of growth of tumors 
was followed for several weeks. Diuing this time, the average growth 
rate was defmitely retarded, as shown by curve B of figure 1. The much 
more rapid average rate of growth of the tumors in control animals 
whose diet was supplemented with a large excess of pantothenic acid, is 
shown by curve A of figure 1. The supplementation of the diet with 
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pantothenic acid after four weeks of extreme deficiency in a third group 
of animals also increased the average rate of growth of tumors^ as shown 
by curve C of figure L It was concluded, from these experiments, that 
pantothenic acid deficiency retarded the growth of the mammary tumor. 

Pyridoxine. This vitamin is essential for the adult mouse. Rapid 
loss in body weight and death in approximately seven weeks occu^ed 
in adult mice fed, in a short-term experiment, a diet extremely deficient 
in pyridoxine,^ as shown by curve A of figure 2. The addition of 
pyridoxine to the deficient basal diet, begiiming with the fifth week, 
brought about a very rapid recovery of the body weight (curve S, figure 
2). No similar loss in body weight was found with tumor-bearing mice 
given the same pyridoxine-defident diet.^ In a second group of tumor¬ 
bearing mice, after three weeks of deficiency only a slight increase in body 
weight was noted following the addition of pyridoxine to the diet, as 
shown in figure 3B. 
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The amount of pyridoxine in the diet did not affect the rate of growth 
of the spontaneous tumor. The average rate of growth of the tumors 
during a 6-week period of deficiency, as shown in figure 3 A (solid line), 
was the same as the rate of growth after three weeks of deficiency fol¬ 
lowed by pyridoxine supplementation for five weeks (solid and broken 
line). 

Thumine. One of the first effects observed in adult mice deprived 
of thiamine was a self-induced restriction in food consumption^ which 
rapidly resulted in complete failure to ingest food even though the 
period of depletion was relatively short. In the absence of thiamine, 
Morris and Dubnik^ observed a rapid loss in body weight of adult mice, 
followed by death in 3-4 weeks. That death was brought about primarily 
through this failure to ingest food rather than from a deficiency in 
thiamine, was shown by another group of mice receiving the thiamine 
but restricted to the same quantity of food consumed voluntarily by the 
thiamine-deficient animals. In this diet-restricted group, death occurred 
at approximately the same time as in the deficient group. 
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PYRIOOXINE EXPERIMENTS—TUMOR MICE 



WE EKE WEEKS 

Figubb 8. B. Average body weight of adult tamoisbearing C8H mice fed a pyridoxine- 
deficient diet (solid line), and after supplementation with pyridoxine (broken line). 

A. Average rate of tumor growth in mice fed a pjridoxine-deficient diet for five or more 
weeks (solid line); same for mice fed the deficient diet 8 weeks and then supplemented with 
pyridoxine (solid-broken line). The numbers in both A and B repre^t the nmnber of 
animals or tumors used to determine the point on the curve. At the bottom of figure A, 
the average amount of food consumed by the tumoi>bearing mice is given. 


That the retarded rate of growth of the spontaneous mammary tumor 
in mice extremely deficient in thiamine was also due primarily to the 
failure of the animal to ingest an adequate quantity of food, was demon¬ 
strated in analogous experiments carried out with tumor-bearing animals. 
The rate of growth of tumors on the thiamine-deficient diet is illustrated 
by FIGURE 4, right half, curve D, while curve E shows the growth obtained 
when the amount of thiamine-supplemented diet was restricted to the 
same quantity of food consumed voluntarily by the thiamine-deficient 
animals. The growth rate of the tumors in both groups was essentially 
parallel. 

The average growth rate of the tumor was not affected in mice ingesting 
diets containing 1-2 y of the vitamin per gram of food, an amount just 
sufiScient to maintain body weight of adult tumor- and non-tumor-bearing 
mice (Figure 4, right half, curves A, JJ, and C ). 




AVERAOe FOOD INTAKE AVEAAOC BOOT WEIGHT > GRAMS 

GRAMS 
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THIAMINf EXPERIMENTS - TUMOR-BEARING MICE 



WEEKS WEEKS 

Fiqurb 4. Average l}ody weight of tamor-hearing C8H mice fed diffeient amounts of 
thiamine: curve A, 2 y per gram of food; curve B, 1.0 y for 3 weeks, then 40 y; curve C, 
1 y; average rate of tumor growth on different levels of thiamine supplementation as 
indicated by Ae legend. Mice shown in curves D and E received same amount of food. The 
numbers at different points on the curves refer to the number of animals used to obtain the 
average values. 


A method to circumvent the voluntary restriction of food intake of 
thiamine-deficient mice was devised.^ This was accomplished by forcibly 
feeding two groups of paired mice the same quantity of thiamine-deficient 
or thiamine-supplemented foodj respectively. The body weight was rea¬ 
sonably well maintained in both groups by this procedure (upper two 
curves of figure 5). The average growth rate of the tumors in thiamine- 
deficient, forcibly fed mice appears to be slightly accelerated (figure 5, 
curve 110), when compared to the average rate of growth of the tumors 
in the thiamine-supplemented, forcibly fed group (figure 5, curve 79). 

The slightly decreased average rate of growth of the tumors in the 
thiamine-supplemented, forcibly fed group may even indicate a depress¬ 
ing effect of thiamine on the growth of the tumor. Dobrovolskaia- 
Zavakskaia® has reported retarded growth of the mouse spontaneous 
mammary tumor after daily, subcutaneous injections of 40-60 y of 
thiamine, amounts similar to the amounts ingested in the above experi- 
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merits. Such injections were also reported to prolong the life of the 
animal. 

Riboflavin. Extreme deficiency of riboflavin in non-tumor-bearing 
adult mice was shown by Morris and Robertson® to result in loss of 
body weight, followed by death in about nine weeks. Young mice failed 
to grow after the initial stores of riboflavin were used up, maintained 
their body weight for several weeks, and then died from Ae effects of 
riboflavin deficiency, with only slight loss in body weight. 

Morris and Robertson® found that extreme deficiency of riboflavin 
decreased the rate of tumor growth, when compared to the average rate 
of growth of the tumor in mice on a riboflavin-supplemented diet. The 
tumors of mice extremely deficient in riboflavin showed a gradually 
decreasing average rate of growth which was more pronounced during 
the terminal period of the experiment (figure 6, curves A and B), 
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Riboflavin supplementation in another group of mice after three weeks of 
deficiency caused a striking stimulation of the depressed growth obtained 
during the deficient period (figure 6, curve C). Gross clinical symptoms 
of riboflavin deficiency were just beginning to appear in the host at the 
time riboflavin was added to the diet. A fourth group fed the deficient 
diet for 3 weeks, then given a ribofliavin-supplemented diet for 2 we^, 
followed by a second period of riboflavin deficiency, showed depression 
of tiiTTinr growth during both deficient periods and stimulation during 
riboflavin ingestion as shown by FioimE 6, curve D. 

No in the average rate of growth of the tumor was observed 

in mice partially depleted in riboflavin,® or if the level of riboflavin given 
was just sufficient to maintain the body weight of the non-tumor-bearing 
adult mouse. The average rate of tumor growth in mice on this mainte¬ 
nance level of riboflavin is illustrated by the tumor growth curve shown 
in FIGURE 7, curve R Mice on this maintenance level of riboflavin for 
four weeks were then given a diet supplemented with a large excess, 
10 y per gram of food, of riboflavin. These animals did not show any 
stimulation in the growth of their tumors after the addition of riboflavin. 
This was in contrast to what was observed in groups made extremely 
deficient in riboflavin prior to supplementation. The decreased rate of 
growth of tumors in mice extremely deficient in riboflavin is shown for 
comparison (curve B of figure 7, reproduced from figure 6). 



Figure 6. Averasre rate of tumor growth in acute riboflavin deflciency. A — 
riboflavin-supplemented; B —deficient: 0-Hieficient 8 weeks, then supplemented; 
D—deficient 8 weeks, supplemented 2 we^, then deficient 1 week. The circled 
numbers are the number of tumors used to obt^n the average values. 
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It would appear from these data that the host must be made extremely 
deficient in riboflavin before noticeable retardation of the growth of the 
spontaneous mammary tumor occurs. 

Other EjSects of Riboflavin Deficiency or Supplementation 
on Tumor and Host 

Tissue Concentration. Additional information was sought on the 
role of riboflavin in the growth of tumors by studying the riboflavin 
concentration of tumor^ liver, and muscle, three tissues likely to contain 
large amounts of this vitamin.® A decrease in riboflavin concentration 
approximating 50 per cent of normal in both tumor and muscle was 
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found in arn'inals after ingestion of the basal diet deficient in riboflavin 
for six weeks, as shown by the data given in table 1. The riboflavin 
concentration in the liver, however, had decreased by 50 per cent in 
four weeks with an insignificant further decrease by six weeks, as shown 
in TABLE 1. The decrease in riboflavin concentration found in the liver 


Table 1 

Average Riboflavin Concentration in Mouse Tissue 


Mice 

Period of 
deficiency, 
weeks 

Mice 

analyzed, 

No. 

Diet 

No. 

Riboflavin per gm. 
of dry tissue 

Liver 

MS- 

Muscle 

Tumor 

K- 

Normal 

0 

5 

67 

115.6 

13.8 



6 

5 

66 

58.5 

9.1 


Tumor-bearing 

0 

5 

Stock* 

112.8 

16.1 

29.9t, i 


0 

5 

67 

120.7 

16.3 

29.5 


1 

5 

66 

100.0 

12.4 

29.5J 


2 

5 

66 

99.2 

12.4 

25.0 


3 

5 

66 

81.5 

11.6 

26.5 


4 

6 

66 

61.8 

10.3 

19.4 


6 

7 

66 

64.6 

11.1 

16.5 


Standard deviation 

7.75 

1.18 

1.09 

Standard error 

4.90 

.75 

.69 

Amount necessary for significant difference at 5 per 
cent point 

9.97 

1.50 

1.46 


Purina dog chow. 

t Pooled sample, calculated from fresh-weight analysis. 

$Not used in statistical calculations because the analysis was determined from a pooled 
sample. 

followed rather closely the observed decrease in body weight of the defi¬ 
cient mice, while the somewhat slower decreasing concentration noted 
in the tumor of the deficient mice seemed to follow more closely the 
decreased rate of tumor growth observed in these deficient animals. 

A comparison of the decreasing rate of growth of the tumor in ribo¬ 
flavin-deficient mice (figure 8, curve B) shows a striking similarity to 
the riboflavin concentration of the tumor in riboflavin-deficient mice 
(curve C). The data for curve C were obtained from table 1. The 
greatest decrease in both the rate of growth and the riboflavin content 
of the tumors occurred during the third to fifth weeks of the vitamin 
deficiency. 

Total Size of Tumors. All palpable tumors arising in two different 
groups of mice receiving riboflavin-deficient and supplemented diets were 
combined, and the average total size of tumors per mouse calculated for 
each group. The mice were started on the diets when the first tumor 
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was observed. The supplemented group received 10 y of riboflavin per 
gram of food. The deficient group received the basal diet deficient in 
riboflavin.® 

A striking decrease was noted in the average total size of the tumors 
in the deficient basal diet group, when compared to the size of tumors 
in the group on the diet supplemented with riboflavin. This is illustrated 
in curves A and B of figure 8. 

A striking decrease was found in the rate of growth of tumors in mice 
deficient in riboflavin compared to mice receiving a supplement of ribo¬ 
flavin, as noted in figure 6, curves A and B. This difference in rate of 
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Piouim 8. Average total tumor size and tumor riboflavin 
flavin-supplemented mice; cuive B, i iboflavm-deficient mice; curve C, tumor concentration 
of riboflavin in deficient mice. 
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growth was obtained by using only those tumors present when the experi¬ 
ment was started, and did not include any of the additional tumors which 
developed during the course of the experiment. When all the tumors 
that arose in the two groups were used and compared (as illustrated in 
FIGURE 8, curves A and B), however, a much more striking difference 
was found between the supplemented and deficient groups. This addi¬ 
tional effect is due to the increased number of tumors arising in mice 
receiving the riboflavin supplement. 

Tumor Size and Length of Survival. The amount of riboflavin 
in the diet affected the length of survival of mice with mammary tumors.® 
This was a direct relation, for it was found that tumor-bearing mice, 
when fed the riboflavin-deficient diet, survived an average of 40 days, 
while the animals fed the supplemented diet (10 y per gram of food) 
survived, on the average, 62 days. If, however, the mice were first 
depleted in the vitamin for three weeks and their diet then supplemented 
with the 10-y level of riboflavin, their survival time was extended to 76 
days. 

Thus far. It has been shown that short-term extreme riboflavin defi¬ 
ciency (1) decreases the rate of tumor growth, (2) shortens the length 
of survival, and that (3) riboflavin supplementation increases the number 
of tumors. To test the possibility that tumor size was correlated with 
survival of the animal, a statistical analysis for such a correlation was 
made of five groups of mice.® A large series of animals were used in 
this study, representing (1) riboflavin-deficient; (2) supplemented; (3) 
maintenance throughout; (4) maintenance for three weeks, then sup¬ 
plemented; and (5) depleted three weeks, then supplemented. The 
results of these calculations are expressed (figure 9) by the regression 
curves of survival in days over total tumor size. No significant deviation 
from zero correlation was indicated between maximum tumor size and 
survival of the mice in any of the groups. 



indicated. 
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^GUBB 10. Average numlier of tumors per mouse in mice fed rilioflavln-deficient 
and supplemented diets. 


It would, therefore, seem justifiable to conclude that the size of the 
spontaneous mammary tumors of mice, once they become palpable, does 
not affect the length of time the animal will live, either on a riboflavin- 
deficient diet, a maintenance diet, or on one supplemented with an 
abimdant amount of riboflavin. Furthermore, the survival of the tumor¬ 
bearing animal is not affected by the size of the tumor, but is directly 
related to the riboflavin supplementation or a combination of partial 
depletion followed by supplementation. 

Riboflavin Intake and the Number of Tumors. It is generally 
recognized that female mice susceptible to the development of spontaneous 
mammary adenocarcinoma will develop more than a single gross tumor.^ 
That the number of these tumors can be affected by dietary constituents, 
was first shown by Morris and Robertson® who found a direct relation 
between the amount of riboflavin in the diet and the number of gross 
tumors in G3H mice. They selected, at random, tumor-beaiing mice 
ingesting a stock diet and placed them on experimental diets. They 
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then compared, at weekly intervals, the number of tumors observed in 
one group of animals given the basal diet containing only 0.5 y of ribo¬ 
flavin per gram of food with the number arising in the other group 
receiving this basal diet supplemented with 10 y riboflavin per gram of 
food. There was no essential difference in the total quantity of food 
ingested by the two groups, but the group supplemented with riboflavin 
showed a striking increase in the number of tumors during a five-week 
period. The number of tumors in the deficient group increased slightly 
from 1.3 to 1.5 tumors per mouse, while, during the same period, the 
tumors in the supplemented group more than doubled in number by 
increasing from 1.2 to 2.7 tumors per animal. This striking difference 
between the two groups is illustrated in the bar diagram of figure 10. 

To see if the amount of riboflavin ingested for a prolonged period 
prior to tumor development also affected the number of tumors, graded 
amounts of riboflavin were given throughout the lifetime of the mouse."* 
Weanling female C3H mice were divided into three groups. Each group 
was fed a diet containing a different amount of riboflavin, and the experi¬ 
ment continued throughout life until death occurred following the devel¬ 
opment of mammary tumors. Eleven mice in one group were given, 
throughout their lifetime, a diet containing a minimum amount of ribo¬ 
flavin approximating 1.5 y per gram of food. The animals of tliis group 
developed an average of 1,8 tumors per mouse and survived an average 
of 4.6 weeks following the appearance of the first tumor, as shown in 
column A of figure 11. Forty-eight mice received about twice the 
minimum level of riboflavin, 3.3 y per gram of food. These animals sur¬ 
vived an average of 8.1 weeks after the appearance of the first tumor, 
and developed an average of 2.2 tumors per animal (column B, figure 
11). The third group of 40 mice received approximately seven times 
the minimum level of riboflavin, or 10 y per gram of food. Tliis group 
developed an average of 2.5 tumors per mouse during a survival period, 
after the first tumor appeared, of 6.4 weeks (column C). These data 
support the view that the effect of riboflavin on increasing the number 
of tumors occurs only after the appearance of the first palpable tumor, 
and that the effect is not due entirely to the length of survival of the 
animal after the first tumor develops. 


Influence of a Prolonged Partial Riboflavin Depletion on 
Genesis of the Spontaneous Mammary Tiunor 

The foregoing experiments may also be interpreted as showing that 
decreasing amounts of dietary riboflavin resulted in fewer spontaneous 
mammary tumors. This suggests that the incidence of mammary tumors 
may be influenced by partial riboflavin deficiency, and offers a means of 
studying the influence of this vitamin on the genesis of mammary tumors 
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AVG.WKS 4r6 8.1 6.4 



Figurc 11. Averagre mimber of tumors per mouse in mice fed different amounts 
of riboflavin throughout life, expressed in microsriams per gram of food at top of 
columns. Values at top of flgure represent aveiaffe survival after appearance of the 
first tumor. 


in mice. The mouse mammary cancer substrate^ the mammary glands, 
must reach a certain stage of development before the mammary tumor 
will arise. Any dietary regimen, therefore, which influences tumor genesis 
should be initiated at an age prior to the full development of the mam¬ 
mary glands in order to obtain maximum effect. 

Morris and Dubnik^ studied the influence of partial ariboflavinosis on 
the spontaneous mammary tumor incidence in C3H virgin female mice. 
The experiments were initiated at weaning time and continued through¬ 
out the life of the animal. The animals were allowed just sufEcient ribo¬ 
flavin to prevent severe and chronic clinical symptoms of ariboflavinosis. 
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The mice partially depleted in riboflavin maintained an average body 
weight approximately 70 per cent that of the litter mate control animals, 
as shown by figure 12, body weight curves marked 141 and 142. Both 
the control and deficient groups were allowed to eat of their food ad 
libitum. The partially deficient mice ate slightly more food per unit of 
body weight than did the control animals, as shown by the food intake 
curves 142 and 141, respectively, at the bottom of figure 12. 

The incidence of tumors was 66 per cent in the deficient group, com¬ 
pared to an incidence of 98 per cent for the controls (figure 13). This 
difference by the Chi square test was significant. The average age of 
appearance of tumors was 37 weeks for the treated animals and 34 weeks 
for the controls, a difference not considered significant. 

During the fifth month of the experiment, no difference was found 
in the occurrence of estrus cycles in either deficient or control animals. 
Yet, the mammary glands of the riboflavin-deficient mice showed a con¬ 
siderable degree of imderdevelopment compared to the controls, although 
there was a considerable amount of variation from animal to animal. 
This was evidenced by less complex branching than in the controls, with 
a tendency in glands of deficient animals toward the development of fewer 
hyperplastic nodules. These structures are generally considered to be 
the precursors of the mammary tumors. This underdevelopment of the 
mammary glands, together with the development of fewer hyperplastic 
nodules, therefore, seems to be an explanation for the decreased incidence 
of spontaneous mammary tumors in the riboflavin-deficient mice. 


DISCUSSION 

The rate of growth of the spontaneous mammary tumor was not altered 
in pyridoxine-deficient mice.^ The absence of added dietary pantothenic 
acid in experiments definitely depressed the rate of growth of the spon¬ 
taneous tumor.^ On the other hand, Kline et al.^ concluded, from a 
study of transplanted tumors on low pyridoxine diets in both rats and 
mice, that “on diets deficient in this vitamin the growth rate of tumors 
in most animals tends to be diminished.” Bischoff et al.^ did not find 
this vitamin necessary for the growth of transplanted mouse sarcoma 180. 

Jones^^ has reported that thiamine deficiency decreased the growth rate 
of the Jensen rat sarcoma, but the relative importance of thiamine and 
calories per se was not clearly evaluated by him. This effect of caloric 
restriction was found to be the main explanation for decreased rates of 
growth of the spontaneous mammary tumor in mice allowed to eat the 
deficient diet ad libitum. It was only by forcibly feeding both thiamine- 
deficient and thiamine-supplemented diets that a depressing effect of 
thiamine on mammary tumor growth appeared. 
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These diverse growth responses of different tumors to some of the 
vitamins demonstrate the difficulty of making generalizations on the 
hi vivo requirements of malignant tissue. 

The fact that, in our experiments/ tumor-bearing C3H mice on a 
pyridoxine-deficient diet did not lose weight while non-tumor-bearing 
adult mice did, may be partially explained by the continued growth of 
the tumor. Does the tumor obtain pyridoxine from the host? Or does 
the tumor produce enough pyridoxine for its own needs as well as the 
pyridoxine requirements of the host? Unfortunately, no quantitative 
determinations were made of the pyridoxine content of either the host 
or the tumor. Schweigert et have shown, however, that the pyri¬ 
doxine content of the normal mouse decreases rapidly on a pyridoxine- 
deficient diet. 

Vitamin and Hormone Relations. The food intake per unit of 
weight in the mice maintained from weaning time to death in a state 
of partial ariboflavinosis,^ was slightly greater than for the controls. 
The body weight, however, was approximately 30 per cent less than for 
control mice. Since our observations indicated no effect on estrus cycles, 
it would appear that partial depletion of the animal in riboflavin did 
not greatly interfere with the ovarian secretion of estrogen. Another 
possibility could be that, although estrogen secretion may have been 
depressed, prolonged partial riboflavin depletion interfered with the 
normal inactivation of the endogenous estrogen that was produced, thus 
giving rise to a high endogenous level. While the partially riboflavin- 
depleted animals showed little inhibition of estrus, there was noted under¬ 
development of the mammary glands. The effect of chronic riboflavin 
deficiency on the pituitary has not yet been studied. Some of these 
observed effects may possibly have been mediated through the secretions 
of that gland. 

Estrogenic and pituitary hormones are involved in the formation of 
spontaneous mammary cancer in the moused Several dietary regimens 
w'hich inhibit the genesis of the mouse mammary tumor appear to exert 
their effect through the endocrine secretions. Thcrclorc, one extremely 
important field for future studies on the effect of nutrition on carcino¬ 
genesis would seem to be a study of the relation of the vitamins to the 
elaboration of hormones or secretions of the endocrine glands, and the 
effect of vitamins in promoting the inactivation of such hormones by 
the organism. 

Thus, the possibility that thiamine deficiency may be implicated in 
the origin of cancer is suggested by the literature relating to the inactiva¬ 
tion of estrogen by the liver, and, in cases of incomplete inactivation, the 
possibility that high levels of endogenous estrogen may prevail over pro¬ 
longed periods and influence the development of uterine cancer. It has 
been established by several investigators^®* ^®* that the inactivation of 
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endogenous estrogen is interfered with in certain types of liver damage. 
This inactivation of estrogen by the liver has been demonstrated by the 
intrasplcnic implantation of estrogen in spayed female rats. Such animals 
with undamaged livers fail to come into estrus, since the blood leaving 
the spleen goes to the liver, where the estrogen is inactivated and, thus, 
does not get out into general circulation. When such animals are made 
deficient in the vitamin B-complex or are sxiffering from inanition, they 
almost immediately come into estrus, showing that the liver is not inac¬ 
tivating the intrasplenically implanted estrogen. Recent experiments 
of Drill and Pfeiffer^^ suggest that the caloric restriction which accom¬ 
panies vitamin B-complex deficiency (especially a thiamine deficiency) 
renders the liver ineffective in inactivating intrasplenically implanted 
estrogen pellets. 

Although all types of liver damage may not interfere with the inactiva¬ 
tion of estrogen, it seems worth speculating that the high incidence of 
uterine cancer in rabbits after administration of estrogen to animals with 
damaged livers, reported by Green,may have been influenced by a 
lessened ability of the damaged liver to inactivate estrogen. 

Ayer and Bauld^'^ have recently observed that, in uterine cancer in the 
human, a low excretion of administered thiamine was found concomi¬ 
tantly with a high endogenous level of estrogen. If the liver fails to 
inactivate, or only partially inactivates, the normally produced estrogen, 
a sufficiently high concentration of estrogen may exist in the body for 
long periods which could serve as a continual growth stimulant to sensi¬ 
tive tissues of the female genital tract. The supposedly high endogenous 
estrogen was reported, by Ayer and Bauld,^"^ to show a remarkable drop 
after the administration of B-complex, when the estrogen was determined 
by the comification level in vaginal smears. These authors did not report 
the effect of thiamine or the B-complex administration upon the amount 
of food eaten by the patients. If these patients were actually deficient 
in thiamine, it seems likely that they might also have been eating an 
insufficient quantity of food. Nevertheless, their observations merit fur¬ 
ther study including (1) a sensitive measure of endogenous estrogen, 
(2) estimation of thiamine deficiency, and (3) attempts to correlate the 
two conditions for the purpose of trying to detect a potential cancer- 
producing condition before the cancer develops. 

The underlying mechanisms responsible for the differences in the growth 
response of the spontaneous mammary tumor to vitamin intake are still 
quite obscure. The recent experiments of Ryan and Lederberg^® work¬ 
ing with Neurospora suggest one possible mode by which changes in an 
organism may be influenced by the absence of essential nutritional con¬ 
stituents. 

The abovementioned authors have isolated, after ultraviolet treatment 
of Neurospora crassa, a mutant strain which is incapable of synthesizing 
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the amino acid, leucine. Occasionally, fragments of the mycelium of 
the leucineless mutant grow autonomously, irrespective of the available 
leucine, and may, under certain conditions, overgrow the culture until 
the carbohydrate of the media is exhausted. These authors have shown, 
further, that this adaptation depends on reversion of the leucineless gene 
to an dlele capable of mediating the synthesis of leucine. 

If we view the cells in the organism as being regulated by their 
environment, and if growth of the cells be controlled by the nutrients 
supplied to them—^then, should one or more cells become adapted so 
they could exist independently of one phase of their environment (for 
example, by becoming able to synthesize some “essential” nutrient which 
the host still has to obtain from its food supply), autonomous growth 
of such a changed cell may result and, as Lcderberg^® proposed, offers 
one explanation for the origin of cancer. If the setting-up of a nutri¬ 
tional regimen deficient in some constituent increases the rate at which 
such modification processes may occur, they could conceivably become 
causative factors in the genesis of cancer. It is appropriate to suggest, 
here, that the genesis of the tumors found in rats after ingestion of choline- 
deficient diets for several months as reported by Webster,^® Copeland 
and Salmon,^^ and by Engel et alP could conceivably involve such modi¬ 
fication processes. 


SUMMARY 

Extreme deficiencies of pantothenic acid and riboflavin, produced 
rapidly during a short period of time, decreased the rate of growth of 
the spontaneous mammary adenocarcinoma in strain C3H mice. On the 
other hand, the production of extreme deficiency of pyridoxine under 
similar experimental conditions did not affect the rate of growth of the 
mammary tumor. 

The rapid depletion of the mouse in thiamine decreased the rate of 
growth of the spontaneous mammary tumor to the same extent as its food 
intake was voluntarily restricted. However, in paired tumor-bearing mice 
forcibly fed equal quantities of thiamine-deficient or thiamine-supple- 
mented food, the average growth rate of the mammary tumors was de¬ 
pressed in the presence of added thiamine. 

The feeding of pyridoxine, thiamine, or riboflavin in amounts sufficient 
to maintain the body weight of the adult non-tumor-bearing animal also 
furnished a suflEcient amoimt of these vitamins to eliminate any effect 
on the growth rate of the tumors. 

Riboflavin supplementation resulted in increasing the number of tumors 
which developed. The riboflavin supplementation prior to the appear¬ 
ance of the first tumor, however, was no more effective than giving the 
supplement after the tumor appeared. 
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The production of partial riboflavin deficiency by feeding amounts of 
riboflavin just sufficient to prevent clinical ariboflavinosis depressed the 
average body weight about 30 per cent^ prevented full development of 
the mammary glands, and reduced the tumor incidence of the partially 
deficient mice to two-thirds that of the controls. 

Some possible explanations of the effects on tumor genesis and growth 
due to deficiencies of different vitamins have been discussed. 

It was pointed out that the possible relation of thiamine intake to 
inactivation of estrogen in the body needs to be further investigated to 
see if an estimation of thiamine deficiency can be a useful criterion for 
detecting a potential uterine cancer-producing condition prior to the 
appearance of the cancer at that specific site. 
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INTRODUCTION TO THE CONFERENCE ON 
CHROMATOGRAPHY 

By Harold G. Cassidy 

Sterling Chemistry Lahoiatory^ Yale University^ New Haven, Connecticut 

The conference which opens this morning is another in the series spon¬ 
sored by the Section of Physics and Chemistry of The New York Academy 
of Sciences. The subject of this conference is chromatography^ and the 
papers to be presented will deal with the scope, theory, manipulation, and 
application of this tool. 

Dr. Fruton suggested about a year ago that a conference on this subject 
be arranged. It was felt that it would be profitable to examine the state 
of orir knowledge regarding chromatography, and especially to make it 
possible for workers using one method of adsorption analysis to come 
together with those using other methods, so that all methods might become 
more widely known. It was hoped that, through such a meeting, the 
chromatographic tool might become further sharpened and the realm of 
its proper use redefined. 

This present conference developed from these ideas. It emphasizes the 
very fundamental fact that the improvement of an analytical tool is of 
major importance to the science, for many an improvement in analytical 
technique has changed the face of scientific theory. This conference 
recognizes that the labor of the analyst is as endless as it is rewarding. 
One thinks, in this connection, of Walt Whitman’s lines, “For it is pro¬ 
vided in the essence of things, that from any fruition of success, no matter 
what, shall come forth something to make a greater struggle necessary.’' 
No sooner has one problem been solved than the very solution of it raises 
others of greater subtlety. We have gathered here to examine the new 
demands which success imposes, as well as to enjoy some of its fruits. 

We have met here to discuss chromatography. It is only one of many 
analytical tools. Like so many of the procedures used by chemists to 
separate mixtures, it depends upon a partition process. In it, the sub¬ 
stances to be separated are allowed to distribute themselves between two 
or more phases, and the operation is completed by a mechanical separation 
of the phases. In the case of chromatography, the partition occurs between 
a fluid phase and an interfacial phase. It is, in short, an adsorption 
process, and this distinguishes chromatography from other separation 
processes. In another respect, however, dhiomatography is similar to 
other separation methods, such as fractional distillation imder reflin^ 
countercurrent extraction, and countercurrent crystallization, in that 
advantage is taken of the partition in the most efficient manner possible, 
namely through a countercurrent application. It is partly in this reqsect 
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that partition chromatography belongs here. It is worth emphasizing, 
perhaps, on the basis of these similarities, that much that will be said in 
this publication has implications beyond chromatography. 

In the spirit of these Conferences, only relatively few papers have been 
arranged for, so that there will be ample time for pertinent discussion after 
each paper. This has meant that many interesting subjects (chiefly 
specific applications) have had to be passed over. However, we have tried 
to obtain a balance between theory and method on the one hand and 
application on the other. 

It is now time to turn to those experts who, during the conference, will 
act as our guides, philosophen, and friends. They will guide us by paths 
many of which &ey have themselves broken, and they will discover for 
us, in the discussion of chromatography, principles which are at the foim- 
dation of all airalysis and, hence, belong to the very philosophy of science. 
It is hoped that out of this meeting will come the stimulus to many new 
researches, hypotheses, and discoveries in and through the use of 
chromatography. 



HISTORY, SCOPE, AND METHODS OF 
CHROMATOGRAPHY 

By L. Zechmeister 

California Institute of Technology, Pasadena, California 

HISTORY 

It is one of the characteristic features of the history of organic chemis¬ 
try that the direction and rate of progress have depended^ to a marked 
extent, upon the availability and ^ectiveness of physical methods. In 
the eighteenth century, when the chemistry of the carbon compoimds 
began to emerge from its infancy, crystallization played an important 
role in laboratory technique and soon developed into fractional crystal¬ 
lization. Since the middle of the nineteenth century, distillation, an art 
practised for thousands of years, has gradually developed into fractional 
distillation of very high efficiency widiout which modem developments 
in the field of volatile substances would not have been possible. Like¬ 
wise, in the present century, we are witnessing the development of the 
adsorption process into manifold methods of fractional adsorption and 
elution without which a deeper study of many non-volatile compounds 
would be unthinkable. 

While the history of crystallization or distillation cannot be traced to 
a unique source, chromatography is based on a single principle and is 
the invention of one individual: the principle is the passing of a solution 
through an adsorbing column and the inventor is Michael Tswett. 

Tswett possibly was influenced by the work of Goppdsroeder, whose 
experiments on capillary analysis he cites in one of his first papers. 
Gteppelsroeder first described this subject as early as 1861 and, much 
later, in his well known monograph (1901). The basic observations 
were, however, made by Goppelsroeder’s teacher, Schoenbein (1861, 
1864) who observed selective adsorption of the components of a mix¬ 
ture by the different heights to which they rose when a strip of filter 
paper was dipped into the solution. Schoenbein made his first observa¬ 
tions during his classic studies of ozone, when he impregnated paper 
with potassium iodide-starch or other ozone reagents. 

At the age of 34, Tswett, who was the son of a Russian father and 
an Italian mother, described the fundamental principle and technique 
of chromatography in an eight-page article (1906) which reached the 
Editors of the Berichte der deutschen botanischen Gesellschaft on June 
21, 1906, a date which we may accept as the official birthday of 
chromatography. In this remarkable paper he tells the story of his 
discovery. 
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It was known that various solvents behave very differently in the man¬ 
ner in which they extract the pigment of carefully dried green leaves. 
Alcohol or ether removes all of the pigments and^ in such an extract, the 
dark green color of chlorophyll obscures the yellow' carotenoids. How¬ 
ever, petroleum ether yields a yellow extract w'hich contains chiefly 
carotenoids and is practically free of chlorophyll, in spite of the fact 
that crude chlorophyll samples, once prepared, are easily soluble in 
petroleum ether. Tswett also observed that, if as little as 1 per cent of 
alcohol is added to the petroleum ether, the entire chlorophyll of the 
leaves goes into solution. He asks the question: “’What is the solubility- 
promoting effect of the alcohol?” 

In order to gain some experimental data, Tswett prepared a petroleum 
ether-alcoholic total extract into which he placed filter paper strips, 
whereupon the solvent was evaporated. The dried dark-green strips 
behaved exactly like the leaf pow'dcr: pure petrolcmn ether gave a yel¬ 
low’ extract, but the same solvent containing some alcohol yielded a dark 
green solution and the paper became colorless. Therefore, Tsw'ett con¬ 
cluded: 

‘The previously pu 2 zling phenomena which were mentioned at 'the 
beginning of this article are, consequently, based on the adsorption of 
the pigment . . . w’hich is overcome by alcohol, ether, etc. but not 
by petroleum hydrocarbons.” 

Being a man of imagination, Tswett. forty years ago, developed an 
astonishingly clear concept of the fundamental processes upon which 
modem chromatography is based. He wrote: 

“An adsorbent w’hich is saturated with one substance is still able to 
take up and bind a certain amount of another. However, then also 
substitutions may take place. For example, the xanthophylls are 
partially displaced by the chlorophyllins from their adsorption com¬ 
pounds; but not vice versa. There exists a certain adsorption sequence, 
according to which the substances are able to replace one another. Tlie 
following important application is based on this law’. If a petroleum 
ether solution of chlorophyll is filtered through a column of an adsorbent 
(I use mainly calcium carbonate w’hich is stamped firmly into a narrow' 
glass tube), then the pigments, according to the adsorption sequence, 
are resolved from top to bottom into various colored zones, since the 
stronger adsorbed pigments displace the w'eaker adsorbed ones and force 
them farther downwards. This separation becomes practically complete 
if, after the pigment solution has flowed through, one passes a stream of 
pure solvent through the adsorbent column. Like light rays in the 
spectrum, so the different components of a pigment mixture are resolved 
on the calcium carbonate column according to a law and can be esti¬ 
mated on it qualitatively and also quantitatively. Such a preparation 
I term a chromatogram and the corresponding method, the chromato¬ 
graphic method. 
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‘It is self-evident that the adsorption phenomena described are not 
restricted to the chlorophyll pigments, and one must assume that all 
kinds of colored and colorless chemical compounds are subject to the 
same laws. I have so far investigated lecithin, alkannin, prodigiosin, 
Sudan, cyanin, solanorubin, and acid derivatives of the dilorophyllins 
with positive success.” 

Evidently, Tswett is the true inventor of chromatography in all of its 
important aspects. However, when the time is opportune for the clear 
formulation of a new principle, several minds may amultaneously have 
the information on which to base it. In this country, thousands of miles 
from Tswett’s laboratory and nine years before him. Day (1897), dis¬ 
cussing the origin of Pennsylvania earth oil, wrote: 

. . by experimental work it may easily be demonstrated that 

if we saturate a limestone, such as the Trenton limestone, with the oils 
characteristic of that rock and exert slight pressure upon it, so that it 
may flow upward through finely divided clay, it is easy to change it 
in its color to oils similar in appearance to the Pennsylvania oils, the 
oil which first filters through being lightest in color and the following 
oils growing darker.” 

Later, Day induced Gilpin and his collaborators (1908, 1910, 1913) 
to carry out detailed experiments, and they showed, evidently without 
the knowledge of Tswett’s papers, that, if crude oil is forced upward 
through a column of fuller’s earth, the following sequence can be noticed 
from top to bottom: saturated aliphatic hydrocarbons, then aromatics 
and unsaturated substances, and, finally, nitrogen and sulfur compounds, 
the amounts of which increased towards the bottom “because of selective 
adsorption.” 

These experiments, originating from considerations which were quite 
different from Tswett’s, might well, under favorable conditions, have 
developed into systematic chromatography. 

As is well kno^vn, the significance of an outstanding discovery is not 
always imderstood immediately. In many cases, further developments 
begin only after a considerable period of latency. The length of such a 
period seems to be a measure of the advance of a master mind over his 
contemporaries. The latency period of chromatography lasted for 25 
years and, during that time, only a few and scattered applications were 
reported. Tswett’s detailed monograph appeared in 1910, in Russian, 
and, in the subsequent few years, Dh€r6 and Vegezzi (1916) made use of 
it. In the United States, Palmer (1922) was certainly one of the first 
investigators who carried out extensive chromatographic studies, and it is 
evident from his remarkable monograph on carotenoids that he realized 
the importance of the method. Although Tswett had demonstrated the 
duality of chlorophyll, it is a historically interesting fact that the great 
pioneer in that field, Willstatter, so far as is known, never employed 
chromatography. 
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The latency period of chromatography was broken in 193by Kuhn 
and Lederer as well as by Kuhn, Winterstein, and Lederer (1931) who, 
working on a preparative scale, resolved plant carotene into several com¬ 
ponents, and fulfilled Tswett’s prophecy of 21 years before, that 

“very likely carotene is not a chemical entity but a mixture of two or 
more homologues which it may be possible to separate from each other 
by means of adsorption methods . . 

Fifteen years have elapsed since the resolution of carotene, and still 
chromatography is essentially empirical in character. The mathematical 
analysis of its procedures, as carried out by competent authors, so far has 
had scarcely any influence on practical experimentation. 

One of the factors which, at present, hinder a more rapid theoretical 
development is the lack of a great number of commercially available, cheap 
adsorbents, expertly packed, promptly delivered, and of constant and 
guaranteed quality. By quality, of course, I do not mean a grade or a 
sieve nrimber on the label, but rather the statement of the result of a 
careful standardization, based, for example, on the behavior of the 
material in the presence of well-selected dyes, as suggested by Brockmann 
and Schodder (1941). In spite of the increasing importance of chroma¬ 
tography in some commercial processes, industrial circles have so far 
shown very little interest in this problem. The present deplorable state 
of affairs reminds us of that in Bunsen’s laboratory a century ago, when 
each scientific worker first had to make and calibrate his burets and 
pipets before he could begin to work. 

SCOPE 

In spite of many hindrances, more than a thousand papers have ap¬ 
peared, during the last decade, in which successful chromatographic 
experiments are reported. These many data make it possible to evaluate 
the scope of the method. For more detailed information, recent mono¬ 
graphs, with bibliographies, by the following authors may be consulted: 
Brockmann (1943); Cook (1941); Hesse (1943); Strain (1945); Vetter 
(1939); Williams (1946); Willstaedt (1939); Zechmeister and Cholnokv 
(1943). 

Although chromatography seemed, earlier, to be of special advantage to 
investigators of naturally occurring substances, we are now witnessing its 
introduction into syntheses. The purification and check of purity of 
artifacts by chromatographic filtration will, for example, probably soon 
become a routine operation. Its evident advantage over other procedures 
is that pigmented or fluorescing by-products and contaminants may easily 
be located on the column and identified if necessary. Such a process also 
offers an eflScient analytical check for the standardization of industrial 
products. 

Other well-known applications of chromatography can be placed under 
the headings: resolution of a mixture, accumulation of substances which 
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occur in great dilution, and checking of the homogeneity of a compound 
as well as its identity or non-identity with another sample by a mixed 
chromatogram test. 

Location of Zones. Since the majority of carbon compounds are 
colorless, a rapid and reliable method for the location of invisible zones is 
often required Under favorable conditions, no special procedures may 
be necessary for this purpose. For example, Trappe (1941) reports that 
silicic add, which appears to be translucent when moistened with a pure 
solvent, loses this property at the section where a zone is present. 

The inspection of the column with a portable ultraviolet lamp during 
the chromatographic process, dther in a dark room or under a black 
cloth, is becoming increasingly popular (Karrer and Schopp, 1934; Win- 
terstein and Schon, 1934). On the other hand, strongly fluorescent 
columns allow the location of numerous compounds which are able to 
quench the fluorescence of the adsorbent and appear as dark zones 
(Sease, 1947; Brockmann and Volpers, 1947). Glaesson (1947) suggests 
the use of total reflection on a thick glass plate for the detection of 
invisible zone boundaries. 

Insuffident use has been made, so far, of the brush method, f.^., streak¬ 
ing the column with a brush whidi has been dipped into a suitable reagent 
(Zechmeister, Cholnoky, and Ujhelyi, 1936). Of course, such strcab 
can also be inspected in ultraviolet light. Considering the immense num¬ 
ber of well-defeed color reactions, there is almost no limit to their chro¬ 
matographic application. For many unsaturated compounds, perman¬ 
ganate may be used, as has been shown, e,g., for stilbene (Zechmeister 
and McNeely, 1942), and, espedally, for a number of sugar derivatives 
and free carbohydrates by Wolfrom and his collaborators (Lew, Wolfrom, 
and Goepp, 1945, 1946; McNeely, Binkley, and Wolfrom, 1945; Binkley 
and Wolfrom, 1946; Gorges, Bower, and Wolfrom, 1946). 

The applications of color reactions may be carried out in other ways. 
Reagent paper strips can be attached to the lower end of the chromato¬ 
graphic tube for this purpose. The appearance of a positive reaction then 
indicates that a zone is just entering the filtrate. One can also test for 
the location of some compounds by applying a reagent to samples from 
different sections of the extruded column. 

Determination of the position of zones containing biologically active 
substances may be made by means of special tests of various descriptions. 
Haller, Acree, and Potts (1944) prepared extracts of the abdonfeal tips 
of the virgin female gypsy moth and, after chromatography, located that 
section which contains the sex attractant by exposing evaporated eluates 
of empirically cut fractions to male moths. One fraction attracted 114 
males, the other only 26. 

Sequence of Zones. After having discussed the location of zones, 
we must necessarily consider their chromatographic sequence. The 
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sequence of two or more given compounds cannot usually be predicted 
simply on the basis of the individual adsorption isotherms. As was pointed 
outj for example^ for fatty acids (Cassidy, 1940) and for amino adds 
(Lottermoser and Edclmann, 1938; Schaaf and Reinhard, 1944), the 
mutual influence of the components of a mixture may constitute an over¬ 
whelming factor in determining their sequence. In some cases, predic¬ 
tions seem to be possible on the basis of the permanent dipoles. Arnold 
^1939) stated that the sequence of decreasing dipoles of /?-, m-, and o- 
nitrophenol is also the sequence of decreasing adsorbabilities. However, 
no generalization seems to be possible on this basis. 

In each case, the absolute and relative adsorbability of a compound 
will, of course, be a function of the molecular structure, although not 
ever)' structural detail will be effective in determining the behavior on 
the active surface. The location of those groups which are responsible 
for the adsorption behavior in a given system will be of great importance 
for future theoretical research. This is a problem similar to that of the 
determination of haptene groups which are responsible for the fixation of 
a drug on an adsorbing tissue. Within a complicated molecule, several 
atomic groups may compete for the surface, and it seems that various 
orientations of the molecule in difi'erent chromatographic systems arc 
possible. 

If all compounds which arc on the same column possess analogous 
structures (for example, if they are homologues or close analogues), tiien 
a change in the adsorbent and developer probably will affect each com¬ 
ponent in the same direction, and their relative sequence will remain 
unaltered in the new^ system. 

How’cver, if different functional groups or other structural features arc 
present in the molecules of the compounds to be chromatographed, then 
the individual responses to a change of the system may be unequal. The 
adsorption afiSnity of one compoimd may be increased and that of another 
may be decreased, and these changes may even, imder favorable circum¬ 
stances, cause an inversion of the original sequence on the column. 

The factors w^hich influence the chromatographic sequence were dis¬ 
cussed by Strain (1946) in a new and important communication {cf, also 
Strain, 1942). 

Among many other observations, Strain, Manning, and Hardin (1944) 
found that, w^hen petroleum ether was used as a developer, the sequence 
from top to bottom of the tw’o chlorophylls and a carotenoid-alcohol, 
fucoxanthin, on sugar w'as: 

chlorophyll b 
chlorophyll a 
fucoxanthin a. 

In contrast, the addition of as little as 0.5 per cent propyl alcohol to 
the petroleum ether produced the following sequence: 

fucoxanthin a 
chlorophyll h 
chlorophyll a. 
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Evidently, the two chlorophylls responded similarly to the change in 
the system and, hence, their relative sequence remained unchanged. 
Fucoxanthin, however, which is structurally very different from the 
chlorophylls, responded differently and moved to the top position in the 
new system. 

As pointed out by Strain et aL, if an inversion can be produced simply 
by changing the ratio of two solvents, then there must exist a mixture 
which will cause no separation at all. 

Another characteristic example of an inversion in which not the devel¬ 
oper (benzene) but the adsorbent was changed was given by LcRosen 
(1942). It refers to the pair, lycopene, C 40 H 50 , w^hich contains 13 double 
bonds (all in an open chain) but no hydroxyl, and cryptoxanthin, 
QoHsoO, which contains 11 conjugated double bonds (two in rings) and 
also a hydroxyl group. On alumina or calcium carbonate, the sequence is: 

cryptoxanthin 

lycopene, 

which shows that the presence of hydroxyl is responsible for a strong fixa¬ 
tion, and that this effect overrules the presence of a greater number of 
double bonds in the hydrocarbon. In contrast, the sequence on calcium 
hydroxide is: 

lycopene 

cryptoxanthin. 

In aqueous systems, a change in pH may cause inversion in a chromato¬ 
graphic sequence. 

Interaction between Column and Substance. If we wish to 
delineate the scope of chromatography, we should also consider how far 
the adsorption process itself may cause chemical changes. It is common 
knowledge that, in thousands of e: 5 qperiments, changes did not occur or, 
to be more exact, that the starting material, after elution, could be 
recovered quantitatively. On the other hand, to deny in principle the 
possibility of conversions on the colunm would be equivalent to the state¬ 
ment that the surface of a powdered solid is unable to react wdth a solute. 

In fact, some interesting chemical changes have been reported. They 
belong to two different types. 

Chemical alterations of the substance may be caused not by an inter¬ 
action proper between adsorbent and solute, but by the sensitivity of the 
compound in the adsorbed state toward oxygen, for example. Thus, 
some unsaturated fatty acids or amino acids undergo autoxidation on 
alumina or charcoal. This imwelcome process may be checked by degas¬ 
sing the adsorbent and then excluding air during all operations, or, most 
simply, in some cases, by a pre-treatment of the column material with an 
agent which counteracts the tendency toward oxidation. 

A treatment with potassium cyanide or hydrogen cyanide will prevent 
catalytic autoxidations which are caused by traces of some heavy metals 
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(Tiselius, 1941; cf., for example, Turba, Richter, and Kuchar, 1943; 
Schramm and Primosigh, 1943). It may also happen that such oxidations 
are promoted by light. Levy and Campbell (1939) observed, when 
chromatographing 2,3-benzanthracene, that a zone became orange on 
the side facing the window because of local photo-oxidation to a quinoid 
compound. 

Concerning the chemical interactions proper between substance and 
(olumn, the available experimental data can be grouped into two sub¬ 
classes, although the border lines are far from well-defined. In a number 
of cases, we do not know exactly what happens in the column, and are 
unable to give definite chemical equations. It is well known, for example, 
that chlorophyll suffers an irreversible change on alumina, calcium car¬ 
bonate, sodium sulfate, fuller’s earth, but can be chromatographed satis¬ 
factorily on sugar or inulin (Winterstein and Stein, 1933; Mackinney, 
1938). Vitamin Kj is biologically inactivated by magnesia or alumina, 
but is stable on sugar (Dam and Lewis, 1937). 

Of several well-defined reactions which occur on the column, the fol¬ 
lowing may be cited. Dimerization is observed if acetone is filtered 
through activated alumina, the product being diacetone-alcohol (Hesse, 
Reicheneder, and Eysenbach, 1938). Polymerization and structural iso¬ 
merization of a number of essential oils have been described by Garlsohn 
and Muller (1938). Such a catalytic effect of the frankonite column is 
increased by dehydration of the adsorbent, in vacuo, over phosphorous 
pcntoxide. Possibly, other similar changes in labile structures arc due 
simply to exceptionally high heats of adsorption. 

Hydrolytic elimination of acyl groups may occur on alumina when tri¬ 
glycerides are chromatographed (Trappe, 1940), Cahn and Phipers 
(1937) reported that, on alkaline alumina, a hydrolysis of diacetyltoxicarol 
takes place, and that the reaction may be prevented by pre-treating the 
adsorbent with acetic acid or phenol. These treatments, however, dimin¬ 
ish the adsorbing capacity. 

An elimination of water or alcohol may occur on the column. When 
rhodin-gi-trimethylester wzis developed with methanol on talc, acetal 
formation took place because of the acidity of the adsorbent. However, 
on neutral talc, no such conversion occurred (Fischer and Conrad, 1939). 
According to Brockmann and Junge (1943), alcohol was split off by 
alumina from some anthocyanidine-like synthetic pigments, a reaction 
which also takes place when the solution is refluxed instead of being chro¬ 
matographed. 

Column reactions are demonstrated conspicuously when color is pro¬ 
duced by the adsorption of a colorless substance, or when the color of the 
starting material is fundamentally altered. Sometimes, color is evident 
in the presence of a non-polar developer but disappears on subsequent 
application of a polar solvent. Triphenylcarbinol is adsorbed by alximina 
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from its colorless benzene or chloroform solution with yellow color and by 
silica gel with brownish-yellow color (Weitz and Schmidt, 1939). 

A well-known reaction, detected by Takahashi and Kawakami (1923), 
takes place when polyene pigments such as carotenoids, faintly colored 
polyenes such as diphenyloctatctraene, or colorless polyenes such as 
vitamin A or phytofluene, are adsorbed from petroleum ether or benzene 
on acid earths, e,g,^ filtrols. A dark blue or greenish-blue zone appears 
immediately at the top of the column, but disappears upon the elution 
with alcohol or acetone. The formation of color may be irreversible, in 
the sense that after elution the original extinction curve, for example, of 
phytofluene no longer is evident (Zechmeister and Sandoval, 1945). The 
formation of color on acid earths was explained recently by Meunier 
(1942) as a donation of unshared electrons by the compound to those 
atoms of the adsorbent which had possessed incomplete octets. The 
molecule thus suffers far-reaching polarization on &e adsorbent and 
forms strongly resonating structures. 

The appearance of an orange pigment on calcium hydroxide or 
alumina columns during the chromatography of vitamin A has been 
observed in several laboratories {cf, Castle, Gillam, Heilbron, and Thomp¬ 
son, 1934). In this connection. Holmes and Corbet (1939) warned 
against ‘‘the blind use of adsorption columns**. According to Metinier 
and Vinet (1945), the formation of the orange pigment is the result of 
the elimination of one mole of water from two molecules of the vitamin 
with the formation of a dipolyene ether. 

The possibility of such complications should not discourage the 
chromatographer, since an unwelcome disturbance in experimentation 
may soon become a new and useful tool. In fact, some changes which 
occur on the column can be conveniently used for preparative purposes, 
as, e,g.^ for freeing a base from its salt, for conversion of one salt into 
another, for splitting of addition compounds, etc. 

Thus, some curare alkaloids, which were available to Wieland and 
Pistor (1938) in the form of their zmthraquinone sulfonates, were filtered 
through HCl-pretreated alumina. The anthraquinone sulfonic acid was 
retained on the column and was replaced by hydrochloric acid in the 
solution, whereupon the hydrochloride of the alkaloid could be crystal¬ 
lized from the chromatographic filtrate. However, on basic alumina, the 
free alkaloid was obtained. According to Plattner and Pfau (1937) as 
well as other investigators, the cleanest method for the liberation of many 
terpenes, sterols, etc., from their picrates or trinitrobenzoates is a filtra¬ 
tion through alumina. The nitro derivative forms a colored zone, while 
the freed colorless component passes into the filtrate. Similarly, as was 
reported by Weygand and Birkofer (1939), the prosthetic group of “old** 
yellow enzyme is retained on frankonite, but the protein component is 
washed into the filtrate. 
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As far as I know, no use has yet been made of the following suggestion 
of Tswett: “For special aims . . . one will purposely use chemically 
effective adsorbents (hydrolyzers, reducers, oxidizers).” 

May I mention that chromatography can also influence the course of 
organic chemical work in many indirect ways. A rather interesting case 
was reported by Kuhn and Strobele (1937), \vhose crude 2-nitro-4, 
5-dimethylaniline sample, which easily formed glucosides, lost this ability 
upon chromatographic purification, as it turned out, because a specific 
catalyst was eliminated by the column. This catalyst was ammonium 
chloride, the addition of which restored the ease of the glucosidc synthesis. 

METHODS 

Although the title of this survey includes also the methods of chroma¬ 
tography, only a short outline can be given. Reference must be made to 
odier contributions to the present Conference. 

It seems that, at the present time, there arc five methods which promise 
further important developments; 

(1) A characteristic feature of recent experimental work is the further 
perfection of the liquid chromatogram procedure, i.e,, the fractional 
washing of individual compounds into the filtrate. Especially, in the field 
of di- and tri-terpenes or steroids, including sex hormones, such methods 
have been worked out in the laboratories of Reichstein and of Ruzicka 
with great success. They are reported in a great number of papers which 
appeared in the Helvetica Chimica Acta during recent years. In some 
cases, more than a dozen solvents or solvent mixtures with increasing 
developing and eluting power were applied successively and, thus, per¬ 
mitted the use of a relatively small column for a large-scale experiment. 
The very great solvent requirement is an inconvenience but, on the other 
hand, the fractionation is satisfactory even if the individual compounds 
are not present in distinct zones but are washed out one by one from a 
mixed adsorbate. So far as the author knows, no general survey is avail¬ 
able in this field. 

(2) A further, promising direction of research is the use of exchangers 
of the zeolite type as column materials. The practical difference in the 
function of an adsorbent proper and an exchange adsorbent is that, in 
the latter instance, the process necessarily involves a release of some 
constituent from the solid surface to the solvent. In most cases, aqueous 
or water-containing media have been used, and the process can be 
characterized as an ion exchange. A new stimulus to exchange chroma¬ 
tography has been given by the study of synthetic resins, the selective 
exchange properties of which were discovered by Adams and Holmes 
(1935). These procedures are now being used extensively, for example, 
in the separation of amino acids of different types. The method has 
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much in common with ordinary chromatography and^ thuSj one may 
discuss the observed phenomena in terms of exchange-affinity, exchange- 
displacement, exchange-chromatographic sequence, and so forth. After 
adequate conditioning, either cation or anion exchange can be carried 
out. I may refer to the review by Myers (1942). 

(3) Another important experimental technique, Partition Chroma- 
to^raphy, was introduced with success by Martin and Synge (1941; 
cf, also CJordon, Martin, and Synge 1943, 1944, and connected papers). 
In this technique, the solid column is essentially a support for a static 
liquid phase, while a mobile liquid phase flows through the adsorbent. 
In the usual form of chromatography, a very great number of adsorptions 
and elutions is responsible for the resolution of a mixture, but in partition 
chromatography a very great number of consecutive partitions of the 
substance occur between the two liquid phases. Thus, differences in 
individual partition coefficients play a decisive role in the success of the 
experiment. The authors mentioned worked with silica gel and separated 
acetamino acids. However, it was shown by Synge (1944) that, on 
starch, free amino acids can be handled as well. A competent survey of 
this whole field has been given by Martin and Synge (1945). 

(4) In connection with the investigations just mentioned, the use of 
paper strips for the resolution of mixtures as initiated by Schoenbein and 
by Goppelsroeder and surveyed by Rcinholdt (1925), has assumed new 
shape and significance. Recently, Gonsden, Gordon, and Martin (1944) 
described their “two-dimensional chromatography” which is based on the 
partition principle. The liquid phases are, for example, water (in the 
cellulose) and a mobile developer. A droplet containing a very small 
amount of wool hydrolysate is placed on the comer of a quadrangular 
piece of paper and developed first with collidine along one side of the 
paper and ffien with a dilute phenol solution in a direction perpendicular 
to the first. The position of the resulting amino acid spots can be demon¬ 
strated by spraying with ninhydrin solution and gentle heating. 

(5) Finally, mention should be made of the chromatographic boundary 
method invented by Tiselius (1940). A solution is forced through an 
adsorbent under conditions which make possible a continuous optical 
characterization of the emerging liquid by means of a device which 
records the refractive indices (Glaesson, 1944). The individual com¬ 
pounds have characteristic retention volumes and show a sudden break¬ 
through. This method is acquiring considerable analytical importance in 
many fields of organic chemistry and biochemistry. It can be carried 
out as a “frontal analysis” (without developer), as an “elution analysis” 
(developed with a solvent), or as a “displacement development” (using 
a strongly adsorbed displacer). These methods have been reviewed by 
Tiselius (1942) and by Claesson (1946). 
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When one surveys all the methods and applications of chromatography 
which are available at the present time, including those for the separa¬ 
tion of isotopes, for inorganic analysis, and for technological research, 
one receives the impression of an extended and manifold picture. This 
vista contrasts sharply with that which Tswett was able to see during the 
fourteen years between the publication of his first article on chroma¬ 
tography and his death. He enjoyed neither personal happiness nor 
proper working conditions, and he received scarcely any acknowledgment 
during his lifetime. Furthermore, his life was made difficult and, finally, 
destroyed by the events of the first World War and its consequences. 
Nevertheless, one has the definite impression, in reading his papers, that 
he believed with almost fanatical faith in his pioneer ideas. 

The present short survey is dedicated to the memory of Michael Tswett. 
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CafflROMATOGRAPHY: A PROBLEM IN KINETICS 


By Henry C. Thomas 

Sterling Chemistry Laboratory^ Yale University, New Haven, Connecticut 

The theory of chromatography has been discussed by several writers,^-® 
For the most part, the problem has been treated from the point of view of 
instantaneous equilibrium between solution and adsorbent. Walter® has, 
however, given a kinetic treatment of the problem for the case of ion 
exchange between solution and solid. The complete solution of this 
latter problem has been given by the present wiiter.^^ The present paper, 
after a review of pertinent parts of the equilibrium theory, will develop 
mathematical descriptions of single solute chromatography for the two 
simplest reasonable mechanisms of adsorption considered as a Mnetic 
process. The results of some experiments in which rate data were obtained 
are reported, and are discussed from the point of view of the kinetic 
theory. The multiple solute problem is mentioned. 


THEORETICAL PART 

The Equations of Conservation. The equations of conservation for 
flow processes such as that of chromatography are well known, but axe 
restated here in the interest of obtaining a coimected account of the theory. 
We consider that the essperiment is carried out in a uniform tube uni- 
fonnly packed with adsorbent. Let the distance from the input end of 
the tube be measured in terms of the mass of the adsorbent contained 
therein, say x (grams). We will consider only cases for constant input 
rate of solution or solvent and will denote this rate by V (milliliters per 
minute). Let time be denoted by t (minutes); concentration, by c (milli¬ 
moles per milliliter); “concentration” of adsorbed material, by q (milli¬ 
moles per gram); and the free space or pore volume of the adsorbent, by m 

^■Wilsoii, J. N. J. Am. Chem. Soe. 62: ISSS. 1940. 

sMartiiw A. J. P., & R. L. M. Synge, Biochem. J. $5: 1868. 1941. 

*Deyaiilt. D. J. Am. Cbem. Soc. 65: 682. 1948. 

* Weiss, J. J. Ohem. Soc. 145: 297. 1948. 

^Olford, A. C., & J. Wdss. Natore 155 : 725. 1945. 

« GlSckanf, E. Ibid. 156: 205. 1945. 

7 Walter, J. E. J, Chem. Phys. IS: 229. 1946. 

«Walter, J. E. Ibid. 18: 882. 1945. 

^Glfickanf, E. Proe. Roy. Soc. London 186: (1004): 85. 1946. 

^Thomas, H. C. J. Am. Chem. Soc. 66: 1664. 1944. 
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(milliliters per gram). The conservation condition demands that the solute 
entering a layer dx of the tube in time U be accounted for as follows: 

cV ht— ^ F St + ^ 

whence 


gc ■ CT gg ■ ^ —Q 

3* 7 at ' 


( 1 ) 


or, for constant flow rate, 




(i«) 


In the formulation of the kinetic problem, it will be convenient to use the 
equation in which V appears explicitly; for the equilibrium theory, the 
equation in V and x is, of course, adequate. 

For most purposes, it will be convenient to change to independent 
variables more natural to the problem, namely: 


X = the mass of adsorbent upstream 

y = Vt — mx 

== F — mxy the volume of solution downstream 


( 2 ) 


In these terms, equation 1 becomes 


gg ■ Zq 
9* 9y 


= 0 . 


( 3 ) 


The integral form of the conservation condition (equation 3) may be 
written down at once. Insofar as c and q are piecewise differentiable 
functions of x and y, equation 3 ensures the existence of the line integral, 
independent of path, 

F= J (qdx — edy). ( 4 ) 

Xu yi 

If the path of integration can be taken from = 0 to some point at and 
beyond which c and q vanish, then F is the total amoimt of solute, ad¬ 
sorbed and in solution, in the column. 


The Eqailibrinm Theory for Single Solutes. Most of the previous 
discussions of the theory of chromatography have started with equations 
1 or 3 and have introduced the assumption of instantaneous equilibrium 
between solution and adsorbent. It has, of course, been realized that, at 
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best, this assumption is an approximation. The idea is formulated by the 
introduction of the adsorption isotherm, 


q = f(c). 


( 5 ) 


We are here measuring f per gram of adsorbent. Equation 3 now becomes 


I + f = "• w 

Wilson^ has discussed the solutions of this equation given by ^ = constant 
The method of characteristics^^ enables one to obtain other ^solutions of 
the equation. The equations of an integral surface of equation 6, 
described by the parameter, s, passing through a given initial distribution 
of Cy say Ci (t) , are 

X = S + Xi(T) •) 

- y = f(^) s + yi (t) I (7) 

C=Ci(7) J 


in which t is the variable which maps the initial distribution. These 
results are subject to the condition that the initial = 0) distribution of 
c is continuous and continuously differentiable. As has been shown by 
DeVault® and by Weiss,^ this solution will eventually give rise to a physi¬ 
cally absurd situation corresponding to a many-valued concentration at 
a point in the tube. This situation has been taken as an indication of 
the formation of a sharp front in the chromatogram. The difficulty is 
removed by replacing it with a discontinuity in the concentration at such 
a point as will give conservation of matter in the tube. For ihe saturation 
of an initially empty tube with solution of concentration the discon¬ 
tinuity is thus placed at the position Xb given by 


Vco = + /('<?<,;} Xj) 

yCo = xd q<,- 


( 8 ) 


In the discussion of the development or elution process from this point of 
view, it is noted that, according to the differential equation, the rate of 
movement of a point of given concentration in the chromatogram is 
given by 

_ 1 

^+f (c) 

c"" m 

Thus, for an isotherm convex upward, such that f {ci) > f {c%) 
for ct < c*, the points of lower concentration move more slowly, Accord- 

^^Courant, R., & D. Hilbert, Metboden der Mathematisehen Physil: 11: 51-55. Julios 
Springer. Berlin. 1937. 
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ing to this idea, a diffuse trailing boundary is formed on development of 
an initially sharp chromatogram. It should be noted that we are here 
retaining the solution of the differential equation for the description of 
the trailing boundary but are discarding it for the leading boundary of 
the same chromatogram. This procedure may be mathematically arbi¬ 
trary, but it is physically possible: the same assignment of position of 
EQUATION 8 as was used in the saturation case will give conservation of 
matter in the case of elution with pure solvent. 

For comparison, later, with experimental and further theoretical results, 
we shall write the expression for an equilibrium trailing boundary based 
on the Langmuir isotherm 

Kac 


namely 


Kax = (Kc-\-l)*y. 


( 11 ) 


This equation has been given implicitly by DeVault® and explicitly by 
Weiss.^ In equation 10, the constant is taken so that large K means 
strong adsorption. The total adsorption capacity is denoted by a. For a 
chromatogram eluted from a tube initially saturated at concentration 
EQUATION 11 states that the effluent concentration will vanish at a volume 
given by 

y^Kax. ( 12 ) 


For such a chromatogram, the theory predicts that the effluent concentra¬ 
tion will have the value Co until y attains the value 


Kax 


( 13 ) 


when the concentration will abruptly begin to decrease. 

The equilibrium theory of chromatography has the advantage of sim¬ 
plicity and is, hence, of considerable use in the qualitative interpretation 
of experiments. Quantitatively it has been little tested. It cannot, of 
course, be expected to apply in the many cases where it is easy to show 
that equilibrium is not attained. We can hope to gain some insight into 
the detailed structure of a chromatogram if we put into the theory some 
reasonable mechanism which wiU give a lag in the attainment of 
equilibrium. 


A Kinetic Theory of Chromatography. The most obvious way to 
introduce the time factor into the theory is to take explicit account of 
the finite rate of adsorption. Let us suppose that the rate is determined 
by chemical effects, that diffusion is not a rate-determining factor. 
Perhaps the simplest way in which this idea can be formulated is by the 
assumption of a reaction law, not unreasonable in itself, which will lead 

uHolmes, H. N., H. Caaoidy, B. S. Manly, & E. B. Hart 2 ler. J. Am. Chem. Soc. 57: 1990. 
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directly to a Langmuir type isotherm at equilibrium. In this connection, 
it shoidd be noted that there is no unique such mechanism^; a Langmuir 
type isotherm experimentally foimd is no guarantee of simple kinetics. We 
suppose that the rate of desorption is first order with respect to the 
concentration of adsorbed material, and that the rate of adsorption is 
proportional to the product of the “concentration of empty holes” on the 
adsorbent and the concentration in solution of the material being adsorbed. 
Thus, we write 

(14) 


in which kt (ml. mmol/^ min/^) and A* (minr^) are the velocity constants 
in terms of which we hope to describe the process. The resulting equili¬ 
brium relation is^ of course, 

ki ac __ Kac 


with 


kt + kic ~ 1+Kc' 


(15) 


K = 



For very weak adsorbers, or for the early stages of any such adsorption 
process, equation 14 may be simplified to read 

giving the linear isotherm 

q=zKac. (17) 


Equateons 16 and 17 are written down explicitly because it will be 
simpler to develop ab initio for this case the kinetic theory of the corre¬ 
sponding chromatographic process. In what follows, the mechanism 
represented by equation 14 will be referred to as Langmuir kinetics; 
the simpler case given by equation 16 will be termed linear kinetics. 
The formulae resulting from linear kinetics are appreciably simpler than 
those for the more general case. They will be useful in some applications 
and will serve as a guide in the application of the more complex formulae. 

As we have seen, the conservation equation (3) ensures the existence of 
a fimction, F, such that 

dF:=.qdx — c dy, (18) 

with, then, 




9 = 


dy 
dF 
dx . 


(19) 


Fowler, B. H., & E. A. Gnsgenheim. Statistical Thexmodynamies; 427. Cambridge Uni¬ 
versity Press. 1939. 
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The corresponding differential equations for the chromatographic proc¬ 
esses may at once be written down. We have for the linear case 


B^ = 0, 

dx ^y 

and for the Langmuir case 

.^ + aSL+b^+c^S?.= o. 

dxBy ^ a* ^ ^ 3* a? 

in which we have written for convenience 


A=h. B = ^, C^-h 
V V V 


( 20 ) 


( 21 ) 


( 22 ) 


Since we will need them in the application of equation 21, we state here 
the definitions of two additional constants, 


_ kiCo + h ft _ ki kfi a 

V ^ V k,Co + k,^ 


(22a) 


such that AB = 


By appropriate substitutions, equations 20 and 21 may be reduced to 
a single form. If we put, in equation 20, 


there results 


—rsjr + Ay) 

e ^ (x,y), 

(23) 


(24) 


If, in EQUATION 21, we put^^ 


CF = In 


^(Bx 


+ Ay) 1 

$ (x, 


we again get 


dxdy 


= AB9. 


(25) 


(26) 


In the case of the linear equation (20), the expressions (19) give us 
the following formulae for the calculation of the concentrations: 


—(Bx 


e 


+ Ay) ^ 


and 


9 = 


—(B» + Ay) 



► 

1 S)' J 


r _ |21 

i ‘ 

i j 

1 


( 27 ) 
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The corresponding formulae for the Langmuir kinetics are 


and 


e = 




r 


1 

Cl 


B 


'bln^ 


dy J 

S in # 1 

3* J 


(28) 


The Boundary Value Problems for Initially Empty and Initially 
Saturated Columns. Solutions of the differential equations 24 and 
26 have now to be obtained which reduce to specified initial conditions 
in the chromatographic column. In this paper, solutions will be obtained 
for initially empty and initially saturated columns. Thus, we obtain 
formulae applicable to the effluent from the columns. Experimentally, 
at least from the point of view of a test of the theory, these are the most 
interesting cases. Only for such effluents have accurate data been 
obtained. In the future, it may become of interest to examine quantita¬ 
tively the structure of the bands within the tube. The corresponding 
mathematical problem, which has not been carried through, promises to 
be more complex than the one treated here. 


The boimdary values of the functions ^ and # are specified as follows. 

Saturation of Column iNrriALLy Empty. 

x = 0, y>0, c = Co, I 

x>0, y = 0, q = 0. J (29) 

Linear kinetics. The corresponding boundary values of follow from 
EQUATIONS 27. 'Using the condition on the concentration in solution at 
the input of the column, we find 

—— A^(0,y) + Coe^v = o^ 

the solution of which may readily be verified to be 

^(0,y) = (l — coy)e^y. (30) 

From the equation determining g, we have 

-B^(x,0) = 0, 

whence 

^(x,0)-eB‘. (30a) 

In the deduction of these the expressions(0,0) has been put equal to 
unity, so that <? =r for x = 0, y = 0. 
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Even more simply, in the more general case, we find from equations 
28 and 29, 

(31) 

^ (XyO) ^ (31a) 

The quantity a is defined in equation 22a. 


Elution of Column Initially Saturated. The boundary values of 
the functions for the case of the elution by pure solvent of a column 
initially saturated dXc ^ Cc are specified by 


x = 0, y>0, c = 0 1 

x>0, y = 0, q = qo ] ^^2) 

The value of qo is given by the isotherm (equations 15 or 17) foTc=: Cq. 
The corresponding sets of values of ^ and ^ are 

= (33) 

(x^O) = (1 + qox) (33a) 

and 

^ (0^ y) = (34) 

(34a) 


Solutions of equations 24 and 26 for the above sets of boundary con- 
ditions can be obtained by several means. The method of the Laplace 
transform leads to a contour integral which is most convenient as a start¬ 
ing point for the discussion of the solution. The classical method of 
Riemann leads directly to the unique^^ results which must be obtained. 
The simplest method is to take results which have been obtained for a 
similar problem^® and transcribe them for the present case. These results 
may be summarized as follows. The equation 


3^ 9 _ 


is satisfied by the exponential by the Bessel function 


lo (2yjuv) 

and by the definite integral 


C50 

m! ml 

m =: 0 




/ 


u 

lo (2 V t) dt 


0 


00 


0 K n <, m 


(35) 


(36) 




m! n! 

(37) 


u Conrant, R., & D. Hilbert. Op, eit. II: 311-817. 
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Some of the important properties of the integral j(i(a,o) are repeated here 
for convenience: 


f (u,v) Af- ^ (v,u) — — Ja (2 ■\/ uv) (38) 

= f(u,v)+h(2V^) (39) 

M (2 ■\f~v) (40) 

<f (0,v) = 0 ) 

Lm^ + = (42) 


Solutions of the linear equation 35 can be constructed from linear com¬ 
binations of Io{2yuv) and various 9 >’s. The character of the solutions 
can be modified to fit different boundary conditions by applying to them 
a suitable operator which commutes with the resulting func¬ 

tions remain solutions of the differential equation. Of the infinity of 
such operators, the most important for our purposes are 


^ A 



(43) 


For example, the boundary values (equation 30) for the saturation of a 
column under Knear kinetics suggest that we try as a solution 


♦ = ^ + _,|.) , (Ay. Sx) 

= eB> + Av— y { P (Ay, Bx) + (2 'JaB^) } 

xi^f(Ay,Bx)- h(2V^)]] (44) 

This expression fulfills the prescribed botmdary conditions and is, there¬ 
fore, the solution desired. The solution for the elution of a saturated 
tube (linear kinetics) is 

^ _ y^'j y (Bx, Ay). (45) 

With Langmuir kinetics, the appropriate solutions are, for the column 
initially empty, 

9 = If (2 y/ABxy) + y (Bx, Ay) <p (ay, fix), (46) 

and, for the column initially saturated. 


^ = (2 '^/ABxy) + p (Ay,Bx) +f(Px, ay). 


(47) 
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The ConcentrationB. With the aid of the differentiation formulae 
(equations 39 and 40), the introduction of the solutions of the preceding 
paragraph into equations 27 and 28 is a simple matter. The results are 
as follows: 

Linear Kinetics 

Saturation 

I A r2 yfAB^) + f (Ay, Bx) 

± —e-(Bi + Av) ^ (Ay, Bx). 

?o 

Elution 

— = a- fs* + (Bx, Ay) 

Co 

Jo (2 y/ABxy) if (Bx, Ay) j- 

The fimctions involved being all positive quantities, it is immediately 
apparent how the concentration of the solution leads in the saturation 
case and lags in the elution case, as compared to the concentration of 
adsorbed material. 


(48) 

(49) 

(50) 

(51) 


Saturation 

c 

Co 


Langmuir Kinetics 


Iq (2 y/ABxy) + <f (ay, fix) 
lo (2 V ABxy) + If (ay, M + ? ^V) 


^ __ 9 (ay, Px) _ 

Jo (2 V ABxy) + 9 (<*y, M + 9 (^x> ^y) 


(52) 

(53) 


Elution 

_£_ __ 9 (^x, ay) _ 

Co lo (2 '\/ABxy) + 9 (^x,ay) -{-If (Ay,Bx) 

_ Jq (2 yfABxy) 9 (^x, ay) 

lo h (2 y/ABxy) + y (^x, ay) y (Ay, Bx) 


(54) 

(55) 


In passing, we may note that neglecting ktc^ as compared to kt, i.e., 
mating a = A, ^ — B, reduces equations 52-55 to the corresponding 
formulae for the linear case. 

It should be noted that the results for Langmuir Hnetics are essentially 
more complex than those for the linear case. They involve, explicitly, 
the initial concentration of the solution with which the column is being 
or was saturated. Thus, our theory predicts that if and only if the 
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kinetics are linear will the behavior of the chromatogram be independent 
of initial concentration. This independence will, then, always obtain 
with sufficiently dilute solutions. 

It is of some interest to notice that, in the case of radial flow through a 
disc of adsorbent of uniform thickness, one obtains the conservation 
equation (3) in an identical form if the variables are defined as follows: 

total mass of adsorbent within a circle of radius r; 

y znV t — mirr^d, total volume through a circle of radius r. 

Here, m has the same mes^g as before; d is the mass of adsorbent per 
unit area of the disc; and V is the total radial volume rate of flow. Thus, 
at sufficiently large distances from a small central input hole, the 
chromatogram in a disc will behave in a fashion entirely analogous to a 
chromatogram in a colunm if x and y are properly interpreted. Near 
the input hole, it would be necessary to reexamine the solutions of the 
equation, since the boundary values are not specified for x = 0. 

T.imiting Cases for Slow Flow. In the descriptions of the chro¬ 
matographic process just developed, the essential characteristic from an 
experimental point of view is the explicit dependence of the various 
concentrations on the volume rate of flow through the tube. For a given 
set of velocity constants, the adsorption process will approach more and 
more nearly to equilibrium with decrease in flow rate. This fact finds 
its expression in the behavior of the various fimctions for small values 
of V. A glance at the definitions 22 and 22a shows that we must examine 
the asymptotic behavior of the fimctions for large values of the argu¬ 
ments. This investigation is made easy by the use of an asymptotic 
expansion of the integral y {u,v) due to Professor Lars Onsager.^ This 
development runs as follows: 

+ g» ^-i) +2h} 

+ g» [20Jo-I5{^i+ Li) + i2I,-{^L+ ^.|)} 

+ (2-r*)2?„ (56) 

iBOnaaffer, Lazs. To be published. 
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in which 


r = (u/v)i, g=.r / (1 + rj* 


I,=If(2yuv),H(Z) 


2 P 

=-7= e -“dt. 


Rg is a small remainder term. 

For those values of u and v sufficiently large so that the required accuracy 
may be obtained by the use of the leading term in the asymptotic expan¬ 
sions of the Bessel fimctions, the expansion of ^ reduces to its first two 
terms. If, in addition, \^^v — 1 is suflSciently large, the error integral 

may be replaced by the first term of its asymptotic expansion, and we 
have a much simplified formula for the estimation of the behavior of 
our various expressions for the concentrations. The results for the 
eflSuent of a colirnm may be summarized as follows. 


Saturation 


Linear Kinetics 


(a) Ay < Bx; that is, Vcq < (mco + Kaco)x; the column is not 
completely saturated. 


Co 


1 

e 





'\JBx —^ Ay 


(57) 


Here, the concentration is determined by the exponential and is, thus, 
extremely small in the region considered. 


(b) Ay = Bx; Vco = ( mCo + Kaco)x; just sufficient solution has been 
introduced to saturate the column under equilibrium conditions. Here 
we make use of equation 38 and find 

c ^ / 1_ 

Co 2 4V'Jr (ki kg axy)i 

Thus, the concentration ratio differs from J /2 by an amount which de¬ 
creases with the square root of the flow rate. The theory predicts, then, 
that all saturation curves for moderate rates will cross, for a given column, 
in the neighborhood of c/co = 

(c) Ay > Bx; Vco > (mco + KaCo)x, Le,, the column is working 
beyond the '^break-through” point. 


c 

Co 


-if — 


1 

2V^ 


e —NAy — vbjf;* 


JSL 

y/Ay — y/Bx 


(59) 



THOMAS; KINETICS OF CHROMATOGRAPHY 


173 


In this region, the concentration differs by very little from its initial value. 
Elution 

For ibis case, we find similar expressions. If Ay < Bx, i.e., insufiSdent 
solvent completely to elute the coliimn, we again get equahon 59. For 
Ay = Bx, we find, analogous to equation 58, 

_ 1 Vf 

Co 2 (ktkaaxy)i 

All elution curves cross in the neighborhood of c/cg = }4. At larger 
volumes. Ay > Bx, equation 57 reappears and we have concentrations 
exponentially dose to zero. 

Thus, in the limit for slow flow, the theory for linear kinetics reduces 
to the equilibrium theory for a linear isotherm. It predicts a chromato¬ 
gram with sharp front and sharp rear boundary. 


Langmuir Kinetics 

The results in the case of the more complete kinetics are similar. The 
condition of break-through for the column is 


ay > Px 
Ay < Bx 


} 


(61) 


Under these conditions, we may use equation 42 in our estimate of the 
functions in equation 52 and find for 


Saturation 


^_ I _ 

^0 4 ^ (qoX — Coy) (® 2 ) 

Thus, for sufficiently small F, (rcsiO or according as Coy < q^x or 

Coy > qoXo The condition, qoX = Coy, ue,, the condition that the column 
is just saturated in the equilibrium case, gives the position of the sudden 
exponential rise in concentration. This result is in agreement with the 
assignment made necessary in the equilibriiun theory by the appearance 
of the multiple valued concentrations in the leading boundary, equation 8. 

In the case of the elution of a saturated column, the limiting agreement 
of the two theories is even more striking. In the case of the equilibrium 
theory, the equation for the elution curve may easily be put in the form 

c _ y/Kax — Vy 

^0 y y "s/Kax — Vyi 


( 63 ) 
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in which is the value of the eflSuent volume at which the trailing 
boundary of the chromatogram appears (equation 13). Inspection of 
the limiting form of equation 54 for the conditions 

ay > px 
Ay < Bx 

shows that the corresponding point is given for ay fix, y yx^ which 
in view of the definitions of a and /3 determines the same After some 
algebraic jugglery, the limiting form of equation 54 may be put into 
just the form of equation 63. Thus, again, we have complete agreement 
in the limit between the two theories. It should be pointed out, however, 
that for finite flow rate the kinetic theory gives a continuous decrease in 
concentration from Co and an exponential approach to zero at the far end 
of the tail of the chromatogram. In this respect, it more nearly repre¬ 
sents the facts than does the equilibrium theory. 

The Determination of the Velocity Constants. In the case of 
linear kinetics, fairly simple formulae may be obtained for the approximate 
determination of the velocity constants. Using this simplified picture, we 
cannot determine kx alone; it occurs only in the combination kia. The 
position of the mid-point of the saturation curve serves as approximate 
determination of Ka^ for, by equation 58, this point differs but little 
from that given by y = Kax. An estimate of the magnitude of ks may 
be had from the slope of the saturation curve at c/cq = Differentia¬ 
tion of equation 48 with respect to y gives 

I( 2 v355)■ («) 

For sufficiently low flow rate, we may use only the first term of the 
asymptotic expansion of I© and find 

3 (c/cq) __ A e /ggx 

"dy 2y/v (ABxy)i 4Ay} 

which for Bx = Ay reduces to 

Slope at Mid-Point Cii • “ \ — TTt^T (65a) 

2 V’T y[ 4^ Ay J 

Thus, we have a means of finding A and, hence, h- 

In the case of Langmuir kinetics, it is apparent, from equation 62, that 
the center of the saturation curve will give a measure of K> In this case, 
since an experimental equation for the isotherm enables one to determine 
both K and a, one can find values for both velocity constants. Only in the 
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limiting case in which equation 62 is applicable can a very simple ex¬ 
pression for the slope of the saturation curve be obtained. One finds easily 


Slope at Mid-Foint 


1 kjCo 

4 V 


( 66 ) 


The applicability of equation 66 will probably prove to be limited. It 
can be valid only for very slow flow; in these cases, the curves will be 
steep and the slopes difficult to determine with any precision. 

The methods of this paper have thus far been applied only in a limited 
number of cases. With more experience and more experiments, some 
more generally satisfactory means of evaluating the velocity constants 
can, no doubt, be developed. 

[Note. During the preparation of this paper, the contribution on the 
same subject of L. G. Sillen^® has come to the author*s attention. SilTen h as 
treated &e problem in an essentially identical manner. He has foimd 
solutions of the differential equations for several special cases. It is of 
interest to notice that his solutions turn up as particular cases of the 
general solutions of this paper. Thus, Sillen’s Equations 13 are identical 
with our EQUATIONS 52 and 53 if, in our equations, we put k% — 0. Simi¬ 
larly, the solution of Sillen by his “method of feal functions” for the 
general case of Langmuir kinetics, his Equation 35, is identical with our 
limiting equation 62. 

The complete solution of the ion-exchange problem considered by 
Sillen and Ekedahl^'^ has been given.^®] 


EXPEIUMENTAL PART 

To gain information as to the applicability of the kinetics at the basis 
of the formulae established under the heading of “Thcor/*, C3q>crimeats 
have been carried out on the adsorption of anthracene from cyclohexane 
solution flowing over activated alumina. Provision was made for varying 
the rate of flow. Analysis of effluent solutions was carried out spectro- 
photometrically. It should be emphasized at once that these experiments 
are of a preliminary nature. Although great care was taken to obtain 
results of as good accuracy as was possible to the experiment, the design 
of this experiment was defiberately simplified. Quantitatively, the results 
cannot be said to be of fundamental significance and are not intended to 
be so taken. The chief simplification of the experiment was the manner 
in which the adsorbent was handled. The material was merely taken 
'from a large bottle of commercial activated alumina and introduced 
directly into the column. In a careful experiment, all precautions should 
be taken to secure reproducible activity of the adsorbent. Furthermore, 
in the present experiments, from the nature of the apparatus used, there 


»>Smex4 L. G. ATkiv. Eem. Min. och Geoi. 22A (15): 1. 1946. 

» SUlen, L. G., & E. Ekedahl. Arkiv. Kem. Min. och Geol. 22A (16): 1. 1946. 
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may be some uncertainty in the total volume of solution passed, due to 
imcertainty in the volume of dead spaces at both the input and exit 
ends of the tube. Thus, the absolute positions of the mid-points of the 
various curves are subject to some error. As has been shown, the posi¬ 
tions of these points are of importance in the discussion of the results. 



FlGRntB 1. 


Method and Results. The sketch of figure 1 shows the apparatus 
used. The pressure was maintained by manual adjustment of the mercury 
levels in the siphon. The selector stopcock was very carefully ground; no 
grease was used. The column was filled by sprinkling the alrunina into 
the tube filled with cyclohexane. The alumina was supported on a light 
wad of pyrex glass wool which had been carefully shaped to give the 
column as flat a base as possible. The columns were conditioned by 
forcing a hundred or more milliliters of solvent through them before the 
experiment was started. Only after such treatment was the rate of flow 
determined by the applied pressure. During an experiment, the flow rate 
was maintained constant to better than five per cent. 

The entire effluent of the column during an experiment was taken as 
successive 5,10, or 25 ml. samples. All solution preparation and sampling 
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were done by weight. Volumes and concentrations were calculated using 
0.778 for the density of the solutions. 

The experiments were carried out in a temperature-regulated room, no 
further attempt at temperature control being made. The room tempera¬ 
ture varied no more than a degree from 22®G. 

A very pure sample of anthracene was used. The material had been 
codistilled two or three times with ethylene glycol and washed thoroughly 
with water. It showed the blue fluorescence characteristic of the pure 
compound. Commercial cyclohexane was treated with fuming sulfuric 
add, washed, dried, distilled, and stored over sodium. For the prepara¬ 
tion of these materials I am much indebted to Professor Harold G. 
Cassidy of this Laboratory. The alumina, as mentioned already, was 
talsen directly from a botide of 80-200 mesh material. 

A Beckman spectrophotometer set at a wavelength of 367 m/L with a 
slit width of 0.079 mm. was used in the analysis of the cydohexane solu¬ 
tion of anthracene. The method is very reliable in the range of 0-0.01 
weight percent. As is shown in figure 2, Beer’s law is strictly followed in 



this region. Twenty solutions, prepared from several different stock solu¬ 
tions, varying from 0.000907% to 0.00999%, were used in the calibration. 
In terms of concentrations (mmol./ml.) the results are well represented 
by the straight line 


^ = 5.63 X 1(H d. 
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in which d is the “optical density” as read directly from the instrument. 
Except for the most dilute solutions, it is considered that the individual 
analyses are accurate to 2 per cent or better. Since the concentrations of 
the input solutions were determined by weight, the ratios c/co are subject 
to analytical errors no greater than this value. 

A determination of the free space of the alumina packed in cyclo¬ 
hexane gave m = 1.37 ml./g. Since volumes through the colunm were 
measured, m does not enter into any of the theoretical computations of 
the results. The diameter and lengths of the columns are in this same 
category of imnecessary information. The diameter of the column was 
0.82 cm. In the two experiments here reported, the average lengths were 
4.79 ± 0.09 cm. and 4.86 db 0.04 cm., respectively. The weight of 
alumina in the colunm was determined by weighing the entire column 
after the experiment, the solvent having been removed by a current of air. 

The results obtained for two complete liquid chromatograms are given 
in TABLES 1 and 2. These data were obtained using solvent from a single 
bottle. Unfortunate experience showed that anomalous results noight be 
obtained by using material from slightly different sources. In one elution 
experiment, the column was saturated using a solution prepared with 

Table 1 

LiQum Chromatogram 
Anthracenc-cyclohcxane-alumina at 22® G 
Weight of AlaOs, ;if = 2.316 g. 

Average rate of flow: Saturation = 5.0 ml./min. 

Elution =5.4 inl./]zdn. 

_Initial concentration, co = 0.000811 mmoiyml._ 


Saturation 

Elution 

Vol. (Ay) ml. 

<;/<?• 

j Vol. (Ay) ml. 

c/c% 

9.96 

0.002 

10.06 

1.009 

9.99 

.003 

5.04 

1 .990 

10.16 

.006 

4.94 

.924 

5.06 

.038 

4.95 

.839 

5.09 

.121 

5.12 

.734 

5.12 

.245 

4.56 

.643 

4.91 

.403 

5.12 

.558 

9.99 

.625 

10.05 

.431 

10.14 

.826 

10.04 

.319 

9.97 

.925 

10.04 

.237 

10.00 

.971 

10.07 

.183 

10.01 

.987 

9.96 

.141 

10.07 

1.000 

10.01 

.112 

10.01 

.998 

10.04 

.087 

10.07 

1.006 

25.01 

.062 

9.88 

1.003 

25.08 

.038 



25.01 

.022 



25.03 

.017 



25.05 

.012 



25.12 

.007 
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cyclohexane from one container and eluted with supposedly identical 
material from another bottle. The initial eflOiuent came through at a 
much higher concentration than that of the saturating solution, indicat¬ 
ing a large change in the character of the adsorption. As a matter of 
fact, this effect made it necessary to discard the results of several weeks* 
work. It was impossible to show that the solvent was essentially identical 
for all the experiments. This sensitivity to very sKght impurities in the 
solvent is another reason why the present results must not be taken as 
absolute determinations. 

The Isotherm. Figure 3 contains the results of experiments designed 
to determine the adsorption isotherm of the system. To weighed flasks 
equipped with carefully ground stoppers were added, in succession, 
alumina and appropriate amounts of cyclohexane and stock solution of 
anthracene in cyclohexane. (All solvent was from the same sample used 
in determining the chromatograms reported.) After fifteen minutes, 
during which time the flasks were vigorously shaken at frequent intervals, 
samples were withdrawn through plugs of cotton wool. Experiments 
showed that fifteen minutes was ample time for complete reaction. The 


Table 2 

Liquid Chromatogram 
Anthraccne-cydoliexane-aluiniiia at 22® G 
Weight of AIsOs, x = 2.316 g. 

Average rate of flow: Saturation = 9.8 ml./min. 

Elution = 9.9 ml./inin. 

Initial concentration, ca = 0.000811 mmol./ml. 


Saturation 

Elution 

Vol. (Ay) ml. 

c/Ca 

Vol. (Ay) ml. 

c/ca 

10.09 

0.000 

4.97 

1.003 

5.10 

.003 

5.04 

.995 

5.04 

.004 

5.02 

- .941 

5.06 

.025 

5.05 

.861 

5.07 

.071 

5.04 

.in 

10.04 

.184 

4.93 

.678 

10.02 

.383 

10.04 

.561 

10.04 

.582 

10.05 

.432 

10.11 

.737 

10.04 

.332 

10.02 

.839 

10.02 

.264 

10.07 

.905 

10.00 

.209 

9.98 

.948 

10.02 

.167 

10.04 

.977 

9.94 

.138 

9.97 

.983 

10.05 1 

.112 

10.06 

.994 

10.03 

.093 

23.31 

1.002 

25.11 

.070 



24.95 

.047 



25.03 

.032 



25.08 

.023 



25.06 

.017 



25.00 

.012 



25.00 

.010 
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Figure 8. Adsorption isotherm CuHsa in cyclohexane on AkOs. 

cotton plugs in the pipettes were shown to be without effect on the con¬ 
centration of the samples. Analysis was made in the spectrophotometer. 
As is apparent, the accumulation of errors involved in determinations of 
this kind produces large effects on the reproducibility of the results. The 
solid line of figure 3 is the plot of the Langmuir isotherm, 

_ 22 c 

1 + 375 c 

while the dashed line is the plot of the linear isotherm, 

q = 22 c. 

Discussion. It has not been thought worth while to attempt the 
application of the complete theory for Langmuir kinetics to the experi¬ 
mental results here given. We will content ourselves, at present, with a 
tentative discussion using the linear kinetics, largely because of the greater 
simplicity of the computations in this case. After considerable pre¬ 
liminary computation, it has been found that on this basis the results 
of TABLES 1 and 2 can, perhaps, best be represented if we choose for the 
constants of the theory. 


kia = 59.5, 
kt =2.71. 
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Figubb 4. Satoratioxi curves CiiHu in oyclohesane on AlsOs. O==5.0 ml./min.f 
9»^.8 znl./niin. Lines from linear tiieoiy, kiaF^9.5, k2=2.71; 

E*=equil, theory; q!==>22c. 

This choice is consistent with the linear isotherm, q = 22 c. In figures 
4 and 5, the computed results are given in the form of curves. The 
experimental points here are plotted against the average y for the par¬ 
ticular sample. In the case of the saturation curves, the agreement with 
the data is better than qualitative. The reproduction of the general 
character of the results is striking. The quantitative disagreement is, 
however, in most cases (particularly in the more concentrated solutions 
toward &e upper portions of the curves) certainly outside the limits of a 
reasonable estimate of the experimental error. In ihe case of the elution 
curves of figure 5, we have only qualitative agreement. The theoretical 
curves lie in the correct order, have the proper general shape, but in no 
way quantitatively reproduce the data. (They do, however, represent an 
improvement over the cmve given by the equilibrium theory, which is 
also depicted in figure 5.) In what part these discrepancies are due to 
fimdamental inadequacies of the theory and in' what part to overly 
simplified computation procedure, cannot at present be decided. The 
first requirement toward making this decision will be more and better 
e 3 q)erimentation. More experiments are planned for the near future. It 
is hoped that the theory will also receive testing at the hands of others. 

Note on the Theory for Multiple Solutes. The simplest way in 
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Cffivwit Vol.y ml. 

Figubb S. Elution curves, Gi4Hio In <^clohe9Eane on AhOs. 0=»5.4 znl./min., 
6«9.9 ml./znin. 1 and 2 (same rates) by linear theory, kia»59.5, 

E eatiil* theory, <fa=>22c/(l+876c). 


which interaction during adsorption of two or more solutes can be repre¬ 
sented is by neglecting all mutual chemical effects and supposing that the 
availability of sites on the adsorbent is the determining factor. Again, 
we predicate the simplest kinetics leading to a Langmuir adsorption 
isotherm. The differential equations for the corresponding rate processes 
in the two solute case are, 


dx dy 


+ Ai 


ZFt 

dx 


d^Fs , , dFs 
dxdy^ ^ dx 


+ B, 


dFi 

dy 


+ Ct 



Ct 


\dx Zy Zy ] ' 

\dx ?^y Zx dy ] 


The mathematical problem thus posed is most formidable. There seems 
to be reasonable doubt that the complete solution of such a non-linear 
system can be obtained by the methods of contemporary mathematics. 
Possibly, some trick might be found which would reduce the equations 
to tractable form. After more knowledge of single solute cases is gathered, 
something might be done with the two-solute case by numerical methods. 
Presumably, the equilibrium theory of Gliickauf® forms the limiting cases 
for slow flow. It is to this theory and to experiment that one must turn 
for information on what is, after all, the most important case of chroma¬ 
tography, the separation of two substances. 



FRONTAL ANALYSIS AND DISPLACEMENT 
DEVELOPMENT IN CHROMATOGRAPHY 

By Stig Claes son 

Institute of Physical Chemistry^ University of Uppsala, Sweden 

INTRODUCTION 

In this paper, a description will be given of the arrangements for chro¬ 
matographic adsorption analysis which have been worked out in Uppsala 
by Tiselius and his co-workers^’?®.* The basic principle behind the 
method is liquid chromatography, which means that the whole process 
of separation is followed by measuring the concentration of the solution 
leaving the column and not, as in ordinary chromatography, by looking at 
the zones on the colunrn. The experimental arrangement is given sche¬ 
matically in FIGURE 1. The solution is poured into the vessel A, forced 
through the filter with adsorbent B, and the concentration of the solution 
leaving the filter is observed in the small cell C. It is essential that the 
cuvette C should have a very small volume, so as to avoid lag in the 
readings and to provide for the swift replacement of solution in the 
cuvette, thus eliminating possible convections. The concentration in the 



Fiqubb 1. Diagram of apparatus for adsorption analysis. 

•A detailed description of the whole subject can be found in Claesscm, S. Stadia <m 
adsorption and adsorption analysis with special reference to homologoiss senes. Arkiv Kemi» 
MineraL, GeoL 23A, 1: 1-188. 1946. 
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cell C is then plotted against the volume of solution that has passed 
through the filter B. In this way, characteristic curves are obtained from 
which the qualitative and quantitative composition of a mixture can be 
calculated. 

This procedure has several advantages over the older chromatographic 
method: 

(1) It is especially suited for analysis of colorless substances, and is 
independent of the color of the adsorbent. 

(2) The separation of the different components is much greater in 
the solution leaving the filter than in the column, which means that the 
selectivity increases considerably. 

(3) The procedure is especially suited for quantitative evaluations of 
the adsorption phenomenon in the column. It is also clear that, by a 
proper choice of the method for the determination of the concentration 
in the cell C, it is possible to adapt this method of adsorption analysis for 
almost all systems met with in practice. In all experiments reported in 
this paper, ihe concentration is followed by measurement of the change in 
the refractive index (Aju.) for solutions and the change in the thermal 
conductivity (AA.) for gases. 

TBDE INTERPRETATION OF THE DIAGRAMS 

When the method for chromatographic adsorption analysis schematic 
cally given in figure 1 is used, the experiments can be arranged in three 
different ways, namely, frontal analysis, elution analysis, and displacement 
development. A short review of these three adaptations will be given 
here. For a more detailed description, the reader is referred to Claesson.^® 

Frontal Analysis. Frontal analysis is the simplest method of adsorp¬ 
tion analysis and is carried out as follows. The filter with adsorbent is at 
first washed with pure solvent, after which the solution to be analyzed is 
poured into the vessel A (figure 1) and is allowed to pass the filter S. 
The solute is adsorbed and moves forward with a sharp front as the filter 
becomes saturated. At the beginning, pure solvent comes through the 
cell C, and the concentration of the solute is zero. When the front has 
passed the whole filter (that is, when the adsorbent is completely satu¬ 
rated) , the concentration in the cell C suddenly increases. Diagrams with 
one step (figure 2) axe thus obtained when there is only one solute, with 


AJI'IO 



FiGOBB 2. Frontal analysis of 0.5^^ stearic acid in ethanol. Bllter: HJSOv c. 
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two steps when there axe two solutes (figure 3) and so on. The first 
step cont a i n s component 1, the second step component 1 and component 2, 
and similarly th.e ith step components 1, 2, 3j .. . i-1 and i. The volume 



Figube 3. Frontal analysis diagram for two solutes. 


that has passed the filter before the solute i breaks through was called the 
retention volume for the component £, by Tiselius. This volume indudes, 
of course, the small volume of solution necessary to replace the solvent 
between the adsorbent partides in the filter at the beginning of the 
experiment. After subtracting this small volume from the retention 
volume, the corrected retention volume Vi is obtained. K the corrected 
retention volume is divided by the weight of the adsorbent in the filter, 
the specific retention volume vf (corrected retention volume per gram 
adsorbent) is obtained. 

For a system of one solute, the amount of substance a adsorbed in the 
filter has previously been dissolved in the corrected retention volume 
since, after the breaking through of the front, the solution passes im- 
changed through the filter. If is the concentration of the solution, we 
get 

a == V.C (1) 

or, per gram adsorbent, 

aP = v^.c (la) 

When the adsorbed amoimt is plotted against the concentration c, 
the adsorption isotherm f{c) for the substance in question is obtained, as 
the amount adsorbed a** is in equilibrium with the solution of concentra¬ 
tion c. Thus, we have 

aP = f(c) = v\c (2a) 

As the adsorption isotherm normally has the shape given in figure 5, 

the specific retention volume 



will decrease as the concentration c increases. When the concentration 
tends to zero, the specific retention volume will assume a constant value 
equal to the slope of the first linear part of the isotherm. 
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When frontal analysis is carried out on a solution containing two 
solutes, two steps will appear in the diagram (figure 3). The solution 
between the two steps contains only solute 1, but its concentration is 
higher than in the original solution This is due to the fact that, as 
the second front (component 2) moves through the filter, a certain 
amount of component 1 is displaced from the adsorbent, and appears in 
the first step. 

It is easily seen that, if an experiment is carried out with a solution of 
known concentrations and C 2 j 2 i we have the following expressions for 
the amounts adsorbed. 

ai = V2 * Cu2 - (V2 - Vx) • CxjI 


a2 — V2 * C23» 

or, per gram adsorbent, 

a/ = V2^ • Ci,2 — (V2^ — Vi^) • Ci,i (3) 

= V2^ -02,2 


In this way, it is very easy to study mixed adsorption of systems con¬ 
taining two solutes. In the case of three or more solutes, it is not possible 
to calculate the amounts adsorbed from the frontal analysis diagram, 
since there are more unknowns than equations. 

However, the important thing, from iht analytical point of view, is to 
be able to calculate the concentrations of an unknown solution from the 
diagram, and that can only be done if the equations of the adsorption 
isotherms are known. As it is essential to avoid too complicated calcu¬ 
lations, a simple approximate formula for the isotherm must be used. 
It is always possible to carry out all the experiments at the same total 
concentration, and so even a rough approximation of the isotherm will 
give rather good accuracy. By using Langmuir*s equation for the 
isotherm. 


ae 


kjCj 

1 + liCi 


(4) 


especially simple formulae can be derived. (Here, fli® is the amount 
adsorbed per gram adsorbent of component i with the concentration ci; 
hi and U are constants). 

In case of two solutes, the formula will be (figure 2): 


= Cut 



(5) 


The correct value for the concentration of component 1 is thus 

obtained directly, as Ci^u Cu and Vg are easily measured. The concen¬ 
tration, C 2 y$ of component 2 is then obtained by subtraction from the total 
concentration Cijt + cgju 
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In case of n solutes, equation 5 will take the more general form 

, h Vn 

+ + ^ (6) 

^- 1 —- 

where Ci,m is the concentration of component t in the mth step. Conse¬ 
quently, all the concentrations in the diagram can be ra1rai1 ati->^ succes¬ 
sively. For the derivation of these fonnulae, the reader is referred to 
Claesson.^® 

The expressions obtained are strikingly simple,* and it is remarkable 
that the constants It do not appear, but only At, which in homologous 
series, for example, can be determined by Traube’s rule. There, we 
can put 

= p.g% (7) 

where p and q are constants^ and n represents the number of carbon atoms 
in the compound. In this way, the calculations are very much simplified, 
and only two constants p and q need be known for a whole homologous 
series. Furthermore, a rough estimation of the value kn can be obtained 
from the diagram by means of a formula (Claesson^®) 

kn = Vn^ (1 + liCun 4 “ hC2>n * 4 " *•••>) ( 8 ) 

Then it is possible to calculate n, the number of carbon atoms in the com¬ 
ponent, by EQUATION 7 and, thus, a qualitative analysis is achieved. 



INCURS 4. Elution analysis of 0.5 ml. of a solution containing 5 mg. each of laurie and 
palmitic acids. Filter: SOOn* earhorafSn CL Solvent (also us^ & dution) absolute ethanoL 
The small peak to the left is due to water in the ethanol. 


Elution analysis. This procedure is identical with that of ordinary 
chromatographic analysis. After having washed the filter with pure 
solvent, a small volume of the solution to be analyzed is forced into the 
top of the column. The vessel A is then filled with pure solvent which 

* It can, in fact, he shown that the simple bquation 6 is obtained if the ecioation of the 
adsorption isotherm can be put in tiie form ai**=k<e<.r(oi,...en), where r is an arbitrary 
function but, of course the same for all the components. This condition is necessary and 
sufficient (Claesson^). 
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is allowed to pass through the filter. Thus, the concentration of the 
solute in the cuvette C is zero during the course of the experiment, except 
when the different zones are moving through it. The resulting diagrams 
are shaped as in figxjre 4, where each component is represented by a 
peak. The area A \mder a peak gives the amount of substance according 
to the equation 


Vi 



Vl 


A quantitative analysis of the mixture is thus obtained by the simple 
measurements of areas. As every component comes out in a pure state, 
it can be identified by ordinary analytical methods. This means that the 
elution process is well adapted for preparative purposes, an advantage over 
the frontal analysis where only the weakest adsorbable component can 
be collected in a pure state. However, we have the disadvantage of the 
long “tails” of the peaks representing strongly adsorbed substances, which 
renders their separation difficult and makes the determination of the 
area A imcertain. 

Displacement Development. This very ingenious method for 
adsorption analysis was introduced by Tiselius.® It eliminates all the 
disadvantages of elution analysis and is performed as follows. In the 
same way as in elution analysis, a small volume of the solution to be 


FkouBB 6. 
isotherms. 



The coxistractfon of the displacement development diagr am from the adsorption 
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analyzed is forced into the top of the column^ but instead of using pure 
solvent the column is afterwards washed with a solution of a substance, 
“developer”, which is more strongly adsorbed than any of the components 
in the mixture. In fact, a frontal analysis of the developer is performed 
behind the mixture to be analyzed. By displacement, the components 
of the mixture are forced to move in front of the front of the developer. 
The components will also displace one another, so that they are arranged 
in order of increasing adsorption aflSnity, the one with the strongest 
adsox'ption afEnity moving as a band immediately in front of the front 
of the developer (figure 5). All the different components are thus 
obtained in pure state and the method is, therefore, also well suited for 
preparative purposes. 

It is easily seen that, as soon as a stationary state has been established, 
all the zones in the column move forward with the same speed as the 
front of the developer. The latter has a speed which depends on its 
specific retention volume i;/. As each of the zones contains only a single 
component, we can apply equation 2a and get 

fd (Cg) _ fi (Cj) ^ /g (Cs) _ _ ^ 

If the concentration of the developer Cd is kept constant in all experi¬ 
ments, then EQUATION 10 will give the values of the concentrations of all 
the components 1, 2, 3, ... in the diagram. Equation 10 can easily 
be solved graphically. In the diagram showing the isotherms (figure 5), 
a straight line is drawn from the origin to the point on the isotherm of 
the developer corresponding to the concentration Cd. The equation of the 
line will be 

= f(c) = Vd^.c, (11) 

and the intersections of that line and the corresponding isotherms will 
define the equilibrium concentrations Cs^ (Tj, . . . From the figure, 
it is also evident that, if one component, 4, is adsorbed so w^eakly that 
the isotherm does not intersect the straight line, no equilibrium concen¬ 
tration is obtained. The component moves so rapidly through the filter 
that it cannot be overtaken by the developer, and it appears in the 
diagram as a free peak. By increasing the concentration ca sufficiently, 
component 4 will also be displaced (dashed line in figure 5). 

From the foregoing, it is evident that, if the concentration Cd of the 
developer is kept constant in aU experiments, the height of a step is 
independent of the amount of substance present in the step and only 
dependent of the nature of the substance. This specific height, k, is 
determined once and for all and is then used for the qualitative identifi¬ 
cation of the substance. As the area imder a step is proportional to the 
amount of substance present and the height at the step is constant, the 
length of the step must be proportional to the amount of substance. 
When the proportionality factor b (length of step per gram of substance, 
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specific length) is determined once and for all, the quantitative compo¬ 
sition will be obtained by dividing the length of the steps by b. 

For displacement development, we have thus obtained the important 
result that (1) the qualitative analysis is obtained by measurements of 
the heights of the steps, and (2) the quantitative analysis is obtained by 
measurements of the lengths of the steps. Displacement development is, 
therefore, the best method for adsorption analysis, but, unfortunately, it 
is not always applicable. Certain substances are adsorbed irreversibly and 
can neither be displaced nor eliminated, which leaves frontal analysis as 
the only possible way. 

THE APPARATUS AND EXPERIMENTAL 
ARRANGEMENTS 

The most important problem in the construction of an apparatus for 
adsoiption analysis is the choice of a suitable method for the continuous 
determination of the concentration. In order that the method may apply 
as generally as possible, it is necessary to measure a property of the solution 
independent of the specific properties of the solvent and the solute. For 
that reason, the determination of refractive index was selected as most 
suitable. It is quite clear, however, that, in many special cases, a more 
specific and sensitive method may be used with greater advantage, as it 
is hardly possible to use refractive index determinations for solutions with 
a concentration smaller than 0.01%. 

It is quite evident that the method for adsorption analysis discussed in 
the preceding section is also applicable in the case of gaseous systems, 
provided that the gaseous mixture to be analyzed is mixed with an inert 
gas, e.g,, nitrogen, which acts as a solvent. Therefore, an apparatus for 
adsorption analysis of gases and vapors will also be described. 

Apparatus for Liquids. Two pieces of apparatus will be described; 
one, an interferometer which gives very high accuracy and is used for 
analytical purposes; the other, a self-recording apparatus with slightly 
lower sensitivity, which is used for preparative experiments and for analy¬ 
tical work on moderately dilute solutions. 

The filter for the adsorbent and the container for the solution are of 
the same type for both pieces of apparatus. The adsorbent is packed in 
cylindrical tubes of brass, gold-plated inside and nickel-plated outside. 
The adsorbent rests on filter paper supported by perforated disks of metal. 
Filters of many different sizes have been used, the smallest having an 
inside diameter of 4 mm. and a height of 12.5 mm., the largest a diameter 
of 40 mm. and a height of 100 mm. For classifying the filters, their 
volume in mm.® has been used. In order to obtain simple numbers, the 
factor TT has not been taken into account. The two filters mentioned 
above are, consequently, called 507r and 40,0007r, respectively. Four filters 
(507r, 2507r, SOOir, and 12507r) are shown in figure 6. The filters are 
attached to the container for the solution by means of a heavy nut. 
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Figure 6. Filters for adsorbent. 

When water is used as a solvent, the container for the solution is an 
ordinary tube of glass (figure 7a) with fittings for the filter and for the 
rubber tubing from a pressure tank (ca. 3 kg./cm.^). This pressure gives 
the solution a suitable speed through the filter (ca. 0.5 ml./min.). When 
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organic solvents are used, it is necessary to prevent the air from the 
pressure tank being dissolved in the solution, as this would affect the re¬ 
fractive index. The air-free solution is therefore filled in a syringe 
(figure 7b) enclosed in a metal tube. Then the air pressure acts on the 
piston and no air is dissolved in the solution. 

The Interferometer. The interferometer is of the Rayleigh-Haber- 
Lowe type^^ and has been so designed that it is possible to use a very 
small volume of solution for the measurement. The cell consists of a 
cylindrical hole in a block of brass. The length of the hole is 80 mm 
and its diameter 1.4 mm. The filter with adsorbent is screwed into the 
cuvette and the solution flows through the cuvette and is then collected 
in a rack of graduated tubes where the volume of solution is measured. 
FIGURE 8 shows the cuvette mounted together with the syringe for the 
solution and a 12507r filter. There are four holes in the block: one for 
the solution, and the other three, reference cells filled with pure solvent. 
The cuvette is placed in a double thermostat. The light source is 
a tungsten ribbon lamp giving white light. The compensator is of 
the usual design, a plane plate of glass being turned by a micrometer 



Figueb 8 . Interferometer cuvette, filter, syringe, and outlet tube mounted together. 
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Figubb 9. PhotofiTiaph of the interferometric arrangrement for adsoiption analysis. 
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screw acting on a long arm. When measurements are performed on 
flowing solutions, the accuracy of reading amounts to 5.10"® in refractive 
index and the total region of measurement is 6.10"®. The values are 
obtained from the position of the micrometer screw, which has been 
calibrated once and for all by coimting interference fringes in mono¬ 
chromatic light. 

Figxjke 9 is a photograph of a complete apparatus. The rack with the 
test tubes is seen irnder a bell jar in front of *e thermostat in the middle 
of the figure To the left are the ocular and two small telescopes, one 
being used for the reading of the micrometer screw, the other for the 
reading of the volume in the graduated test tubes. 



Figure 10 Frontal analysis of a nuxture of six fatty acids (capiyhc, pelarsonic, capric, 
lam 1 C, myristic, and palnutic acids). See Table 1. 

FiGxmE 10 shows a typical diagram obtained with this apparatus 

The Self-Recording Apparatus. In this apparatus, the solution 
leaving the filter with adsorbent is passing one-half of a double hollow 
prism (D, figure 11). The other half of the prism is filled with pure 
solvent. A beam of light passes the prism and makes a deflection which 
is proportional to the change in refractive index This deflection is very 
sm a l l (about 0.01 mm. if Z = 1000 mm.) and is magnified in the following 
way. The beam of light is divided in two parts by a hexagonal prism of 
glass Pj which fall on photoelements (C^ and C£). The two photo- 
elements are connected by a galvanometer G in such a way that no cur¬ 
rent passes through it when the elements are equally illuminated. It can 
easily be shown that the galvanometer deflection is proportional to the 
change in refractive index in the prism The galvanometer is illuminated 
by the lamp Ls, and the light beam is reflected from the galvanometer 
mirror and the mirror M and makes a light spot on the photographic 
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riQLPB 11 Sketch of the sdf-recordinfir apparatus for adsorption analysis of solutions. 

paper, i2. When the refractive index changes, the light spot is conse¬ 
quently moved horizontally. 

The volume ot solution which has passed the cell is collected in a 
small flask hanging on a straight spring balance. The mirror M is attached 
to this spring and, consequently, the light spot moves vertically when 
the weight of the solution increases. It is thus seen that the refrac- 
ti\e index of the solution and the weight of the solution which 
has passed the filter with adsorbent are recorded at right angles 
to each other on the photographic paper, R In this way, the desired 
diagram is obtained The whole apparatus is enclosed in a lightproof 
casing and is shown in figure 12. The sensitivity is about 2.10® in rrfrac- 
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Photoffraph oi the self-recordinff apparatus for adsorption analysis of solutions. 
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tive index, and, by using different springs, the apparatus can be used for 
volumes ranging from 10 to 1000 ml. The size of the photographic 
paper is about 20 by 30 cm. 

Plate la shows a typical curve obtained with this apparatus. 


Apparatus for Gases and Vapors. The apparatus used for adsorp¬ 
tion analysis of gases and vapors is shown in figure 13. The mixture to 



be analyzed is mixed with a large amount of nitrogen (“the solvent’’) and 
introduced into the gas holder A through one of the glass tubes 25 or 26. 
The gas holder has been constructed according to Kiister^ and the 
compensating device 3-9 has the effect that the gas delivered always has 
the same pressure. From the gas holder, the gas passes the flowmeter C, 
the filter D, a cooling spiral immersed in water of 20°C, and the meter 
F, where the concentration is measured by observing the changes in ther¬ 
mal conductivity, if is a gas density balance, which can be used for 
special purposes. The meter F for the thermal conductivity contains 
four straight platinum wires moimted in four holes in a block of brass. 
The gas to be analyzed passes two of the wires, the other two being sur- 
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rounded by a reference gas {e.g., nitrogen). The four wires are heated 
electrically to about 125“C. and form the four resistances in a Wheat¬ 
stone bridge. When the thermal conductivity of the flowing gas changes, 
the resistance of two of the wires changes, and the galvanometer G which 
is coimected to the bridge, mates a deflection. This deflection is recorded 
on the drum 11, which is covered with photographic paper. It is seen 
from FIGURE 13 that the movement of the photographic paper is propor¬ 
tional to the movement of the gas holder and, consequently, proportional 
to the amount of gas that has passed the filter with adsorbent. The curve 
obtained thus has the desired shape with the concentration plotted against 
the volume. 

Plate lb shows some typical curves obtained with this apparatus. 


SOME EXPERIMENTAL RESULTS 

The method for adsorption analysis described here has been applied 
to a large number of different types of substances by Tiselius and his 
co-workers.^"®® Only a brief summary of these results can be given 
here, and the reader is referred to the original papers for more detailed 
information. 

Som e homologous series (fatty acids, ethyl esters of fatty acids, alcohols, 
dibasic adds) have been studied rather extensively by Clacsson.“ In 
this case, it was found that displacement development was not applicable 
and frontal analysis had to be used. With activated carbon as adsorbent 
and ethyl alcohol as solvent, good separation was obtained. It 
was also found that the theory developed for frontal analytis gave 
rather good results. The calculations were much simplified, as Traube’s 
rule (equation 7) was valid with good accuracy. This is seen from 
FIGURE 14 where “log k has been plotted gainst the number, n, of carton 
atoms in the fatty adds for some ethyl esters of fatty adds. A typical 
example of a frontal analysis of fatty adds has already been given in 
FIGURE 10. It is also seen there that the retention volumes for the first 
three adds (with 8, 9, and 10 carton atoms) are more dosdy together 
than for the three following (with 12, 14, and 16 carbon atoms). Tto 
is in with EQUATION 8. Somc examples of quantitative 

analysis are given in table 1, where the composition has been calculated 
by means of equation 6. 

It has also been found that branched and unsaturated fatty ^ds are 
adyirh^d less than the corresponding normal saturated fatty adds when 
carton is used as adsorbent. When silica is used as adsorbent and the 
solvent is a non-polar liquid, all the normal saturated fatty adds are 
adsorbed to almost the same degree, the branched adds are adsorbed 
less, and the imsaturated more. In that case, it is, consequently, possible 
to separate the fatty add mixture into these three groups, and it has ako 
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been found that this can be done by means of displacement development 
(Claesson^®). This effect is certainly due to the fact that the carboxyl 
group determines the adsorption on silica from non-polar solvents but 
not from polar solvents on activated carbon. 

In some cases, it has been possible to use displacement development 
with extremely good results. One of the best examples of this is Tiselius’ 
work on oligosaccharides (Tiselius and Hahn/® Weibull and Tiselius^). 
There, it was shown that a qualitative and quantitative analysis of mix- 


Plate 1 

a. Frontal analysis of a mixture of 0.75% lauric and 0.75% palmitic acid in 
ethanol. Filter: 5000^ “E-kol”. 

b* Displacement development of pure hydrocarbons. Developer: 1.5g. ethyl 
acetate. Adsorbent; 6g. carboraffin. 

First row: 0.100 and O.lSlg. n-pentane. 

Second row; 0.151 and 0.200g. n-hexane. 

Third row; 0.302 and 0.397g. n-heptane. 

c. Displacement development of hydrocarbons. Devdoper: 1.5g. ethyl acetate. 
Adsorbent: 6g. caiboraffin. Displaced substance: 

0.137g. hexane -f- 0.143 heptane, 0.055g. hexane + 0.235 heptane, 

O.OlSg. pentane + 0.104 hexane + 0.194g. heptane, 0.123g. pentane 
+ 0.126g. hexane + 0.157g. heptane. 

d. Frontal analysis of CGUFs containing a small amount of CClFs. 
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Plate 1 {see caption on opposite page). 
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tures containing mono-, di-, tri-, tetra-, penta-, and hexasaccharides was 
obtained from the heights and lengths of the steps in the displacement 
development diagram. Values obtained by Tiselius for the retention 
volumes of some typical saccharides are given in table 2. 


Table 1 

Frontal Analyses of Mixtures 


Composition of the mixture (%) 


Substances 


Found value 


Correct value 


Caprylic acid, CtHuCOOH 
Capric acid, CqHmCOOH 
Myristic add, CjoHmCOOH 
Palmitic add, CioHnCOOH 


21 

19 

20 

41 


20 

20 

20 

40 


Caprylic add, CrHisCOOH 
Pelargonic add, CsHmCOOH 
Capiic add, CgHuCOOH 
Lauzic add, QiHiaCOOH 
Myristic add, CisHarCOOH 
Palmitic add, CuHaiCOOH 


Adipic add, COOH(CHa) 4 GOOH 
Suberic add, COOH(GHa)6COOH 
Sebadc acid, GOOH(GHfl)8GOOH 
Dodecancdioic acid, GOOH(GHa)ioGOOH 


14 

10 

8 

22 

20 

27 


10 

10 

10 

20 

20 

30 


5 

16 

31 

48 


8 

15 

31 

46 


Table 2 


Specific Retention Volumes for SACCHARmEs 
0.5 per cent solution in water, adsorbent Norit P3. 


Substances 

miyg. 

Arabinose 

9.9 

Xylose 

14.8 

Rhamnose 

9.5 

Levulose 

13.6 

Glucose 

16.0 

Galactose 

17.3 

Mannose 

18.5 

Saccharose 

43.5 

Lactose 

51.0 

Maltose 

60.0 

Raffinose 

68.0 


Tiselius“«iT gJso described some preliminary experiments with 
ammo acids and peptides. 

When the self-recording apparatus is used for experiments with large 
amounts of substance, it is also necessary to use large filters. It is, then, 
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often difficult to obtain sharp boundaries. The shape of the boundaries 
is very much improved if smaller filters are mounted below the larger 
filters, with a small chamber (ca. 2 mm. in height and of the same 
diameter as the larger filter) bet\^’een the filters. In this way, a very 
marked sharpening of the fronts is obtained. Some experiments of this 
t>pe are shown in figure 15. The filters used there were 200007r, SOOOtt, 



Figure 15. Displaoement development of oligosaccharides. Developer: phenol in water. 

Filter: 40000^- + SOOOtt + 12507r carboraffin C. Displaced sabstance: 1.0 g. sucrose. 0.7 g. 
+ 1.4 g. raffinose. 1.4 g. sucrose + 1.4 g. raffinose, 1.0 g. glucose + 1.0 = g. raffinose. 


and 125077, moimted above each other. As the experiments were carried 
out by means of displacement development, the different components are 
obtained in a pure state. It is also seen, from the figure, that the heights 
of the steps are constant and the lengths of the steps are proportional to 
the amount of substance. The values for the amounts obtained from the 
diagrams agree within 3 per cent with the correct values. It is conse¬ 
quently possible to prepare substances in pure state, in that way, in 
quantities which amount to several grams. 

The apparatus for adsorption analysis of gases and vapors has until 
now mainly been used for analysis of hydrocarbons. It was found that 
displacement development worked well with these substances, and that 
esters of fatty acids were good developers. In plate lb some experiments 
were shown, and in plate Ic it is seen that the same specific heights 
appear in the case of mixtures. From the great difference in ^edfic 
height for pentane, hexane, and heptane, it is seen that the method is 
very selective and closely related compounds may be separated in this 
way. Some typical analyses of this kind arc given in table 3. It is seen 
that the accuracy of the quantitative analysis is good and the substances 
are well characterized by the heights of the steps. This height is given 





202 


ANNALS NEW YORK ACADEMY OF SCIENCES 


Table 3 

Displacement Development of Mixtures of Hydrocarbons 
Developer: 1.5 g ethyl acetate; adsorbent: 6 g carboraffin 




Composition of the mixture (%) 

Substances 

Height of step 

Found value 

Correct value 

n-hexane 

56 

20.4 

19.7 

n-heptane 

78 

79.6 

80.3 

n-hexane 

56 

48.4 

48.2 

n-heptane 

79 

51.6 

51.8 

2-methylhexane 

65 

40.0 

40.7 

n-heptane 

77 

60.0 

59.3 

n-pentane 

32 

5.6 

5.7 

n-hexane 

57 

33.0 

32.8 

n-heptane 

80 

61.4 

61.5 

n-pentane 




n-hexane 

57 


1 31.9 

n-heptane 

81 



n-hexane 

56 


43.2 

Benzene 

89 


56.8 

Cyclohexane 

67 

46.4 

46.6 

Benzene 

97 

53.6 

53.4 


as a percentage of the height of the developer, and this constant thus 
becomes independent of the special properties of the thermal conductivity 
meter. 

Frontal analysis can, of course, also be used for analysis of gases. This 
is seen from plate Id, which shows a frontal analysis diagram of 
C CI 2 F 2 containing a small amount of C CIF3. 

SUMMARY 

In ordinary chromatographic analysis, colored bands arc observed in 
a column filled with a suitable adsorbent. In the method described here, 
the concentration of the solution leaving the column is detennined con¬ 
tinuously in a small cell. This implies two fundamental advantages over 
the older chromatographic method. The procedure is especially suited 
for analysis of colorless solutions and independently of the color of the 
adsorbent, and, furthermore, the separation of the different components 
is greater in the percolate than in the column, which means increased 
selectivity. The theory for the method is first briefly discussed and, 
thereafter, the experimental arrangement is described. Two pieces of 
apparatus are described which are used for analysis of solutions, one 
being an interferometer, the other a self-recording apparatus. A self- 
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recording apparatus for adsorption analysis of gases and vapors is also 
described. Some typical examples of analyses carried out with this 
method are given in the last part of the paper. 
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SOME EXPERIMENTS IN SYSTEMATIC 
QUANTITATIVE CHROMATOGRAPHY 

By W. A. SCHROEDER 

California Institute of Technologyj Pasadena, California 

During the past several years, our studies of the chemistry of propellants 
and explosives, under O.S.R.D. Contract OEMsr-881, have posed prob¬ 
lems of the separation and quantitative determination of the substances 
in mixtures which contained from two to ten closely related or widely 
dissimilar organic compounds. Since any attempt to solve these problems 
by other than chromatographic methods would have been very difficult, 
we have consequently used chromatography for the quantitative deter¬ 
mination of the compounds in these complex mixtures. I do not propose 
to describe the analysis of propellants and explosives as such, but rather 
to discuss the problenas which arise in the adaptation of the usual chro¬ 
matographic procedure to the analysis of mixtures of organic compounds 
with a precision comparable to 4at which is ordinarily obtained in 
inorganic analysis. These problems will be illustrated with data obtained 
at the California Institute of Technology by a group of about a dozen 
workers, to whom I wish to make full acknowledgment for the data which 
I shall present. 

The materials which were analyzed in our studies of propellants and 
explosives may conveniently be classified in three categories: (1) mixtures 
of known qualitative composition; (2) mixtures whose composition could 
at least to some extent be surmised from their sources; and (3) mixtures 
of completely unknown composition. As an example of the first class, 
we may cite the quantitative determination of diphenylamine and diethyl 
phthalate in an American powder which contained, in addition, nitro¬ 
glycerin and nitrocellulose. The second type of material is illustrated by 
various aged samples of this same powder, in which we wished to deter¬ 
mine the fate of the stabilizer, diphenylamine. From information in the 
technical literature^* ^ ^nd from the chemical properties of diphenylamine, 
it was clear that provision must be made for the estimation of approxi¬ 
mately twenty nitro and nitroso derivatives. Finally, explosives and 
powders of completely unknown composition were frequently encountered, 
and it was then often necessary to isolate and identify compoimds which 
had not been studied previously, before a method for the complete 
quantitative analysis of the material could be devised. 

Let us, first, turn our attention to the materials and methods which 
were used: the adsorbent, the developers, the elution, the determination 
of the compound in the eluate by spectrophotometry, as well as certain 
anomaloxis behaviors which were observed; and then let us consider the 

(204) 
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results of the application of chromatography to the quantitative analysis 
of the three types of materials which have been described. 

All of the techniques which I shall discuss are based upon the use of 
silicic acid as an adsorbent. Silidous adsorbents have been used in a 
number of chromatographic studies.^'^^ Reagent silicic acid produced by 
several manufacturers has properties which recommend it as an adsorbent: 
it is pure white and thus permits ready detection of faintly colored 
zones; it is inert; it is finely powdered; and it may be modified in activity 
by appropriate treatment and yet^ as received from the manufacturer, 
it does not show important variations from lot to lot. However, because 
of the slow filtration of solvents through the finely powdered adsorbent, 
it is advantageous to use a mixture of two parts by weight of silicic acid 
and one part of Gelite 535. 

For quantitative chromatography, it is important that adsorbent and 
solvents do not contribute impurities. Solvents may be purified by simple 
distillation in all-glass apparatus, and the adsorbent may be purified by 
pre-washing with redistilled solvents immediately before the chromato¬ 
gram is run. Pre-washing of the adsorbent, however, has effects other 
than mere purification. These are illustrated in figure 1. The variant 


VoluRie of 
Oevelopor 


V ml. 


No Alcohol 

ft-o-wasK ft'C-waih 


m 








L 


Ether 

Pre-wash 

F55B 


Acetone-Ether 
Pre-wash 



3y ml. 


5V ml. 



Figure 1. Effect of type of pro-wash upon the rate of development and width of a zone 
of 4-nitrodiphenylamine. 

in these experiments was the type of pre-wash, whereas the size of the 
column (19 x 150 mm.), the amount of 4-nitrodiphenylamine (0.5 mg.), 
and the type of developer (1:1 benzene-ligroin) remained constant I 
shall speak of solvents in terms of the ratios of the volumes of the con¬ 
stituents and of the quantity of solvents in terms of the convenient conven¬ 
tion “V ml.” which we shall define as the volume of solvent which is 
required to wet completely a column of adsorbent. The alcohol pre-wash 
used V ml. of absolute alcohol and 2 V ml. of ligroin, the ether pre-wash 
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V ml. of ether and 2 V ml. of ligroin, and the acetone-ether pre-wash 0.2 

V ml. of ether, V ml. of 1:1 acetone-ether, 0.8 V ml. of ether, and V ml. 
of ligroin. The zones as shown are idealized; the distribution of the com¬ 
pound was not uniform and the edges were not sharp. 

A comparison of the position of the zone after equivalent development 
shows that the strength of the adsorbent increases in the following order: 
alcohol pre-washed adsorbent <unpre-washed adsorbent <ether pre¬ 
washed adsorbent < acetone-ether pre-washed adsorbent. Only the ether 
and acetone-ether pre-washes have been used in practice, and several 
differences may be noted in the behavior of the zone after these pre¬ 
washes. On ether pre-washed adsorbent, the zone moves with increasing 
speed and width in the lower sections of the column, whereas on acetone- 
ether pre-washed material, the rate of movement is regular and the 
increase in width, although apparent, is much less. 

The explanation of the effect of the pre-wash is probably connected 
with the water content of the adsorbent, since, as is well known, the 
adsorptive strength of silica gel, of which silicic acid is surely a form, is 
a function of the water content and increases as the water content 
decreases until this content is decreased to about It has been 

found that, at 200° C., silicic acid loses weight for about 40 minutes, and 
that this adsorbent then behaves as though it had been pre-washed with 
acetone-ether. Another experiment showed that the loss in weight, on 
heating, is equivalent to the weight of the water which may be found in 
the solvents ^ter pre-washing with acetone-ether. Apparently, then, the 
anhydrous solvents of the pre-wash activate the adsorbent by removing 
water. Ether, because it dissolves water less readily then acetone-ether, 
removes water less completely and less uniformly, with the consequent 
result that there is a gradation of the properties of the adsorbent from 
the top to the bottom of the column and, thus, the zones behave as 
indicated. Acetone-ether, however, produces a more uniform column, 
and the behavior of zones is more uniform as well. The de-activating 
effect of alcohol may be explained if we assume that alcohol, because of 
its structural similarity to water, merely replaces water in the adsorbent. 

The adsorption aflSnity of many organic compounds on silicic acid is 
such that benzene or benzene-ligroin moves the zones at a reasonable rate 
but may not produce entirely satisfactory zones or separations. The pro¬ 
nounced effect of the developer upon the zone may be seen in figure 2. 
The adsorbent was ether pre-washed, the only variant being the type of 
developer. The rates of development are similar, but the ether-Ugroin 
produces a much more regular rate of movement and a more compact 
zone than does benzene-ligroin. Ethyl acetate or acetone in ligroin 
behaves very nearly as ether-ligroin. 

Ligroin or benzene solutions of ether, ethyl acetate, or acetone, not 
only usually produce well-defined zones, but they often produce clean-cut 
separations of mixtures which benzene or benzene-ligroin can separate 
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Vml. 


Ziml 3Vml 4Vml 5Vml 


6Vml 




FiaUHB 2. Eifect of type of developer on the formation of a zone of 4-nitrodiphenylamIne. 


poorly if at all. However, developers which contain alcohol rarely are 
satisfactory. Sometimes, even ternary mixtures of benzene and ligroin 
with ether, ethyl acetate, or acetone are helpful. Three isomeric 
dinitrodiphenylamines may be used as an excellent illustration of the ease 
with which one developer will separate two compounds which cannot be 
separated by another. The relations may be seen in figure 3. Thus, 


Q-sO ^0*0 

NO, NO, NO, 

2/2- Dinifrodiphenylam’intf 2|4*Pinit'n)diphcnylaniinc 


Q- N -Q-NOi 

NO, 

2,4''Djnifrodiphenylam/n« 



Benzene- 
Liqmm 



Efher* 

Li^Koin 


Fiqurb 3. Separation of isomeric dinitrodiphenylamines. 


benzene-ligroin readily separates 2,4'-dinitrodiphenylamine from the mix¬ 
ture of 2,2'- and 2,4-dinitrodiphenylaniine, whereas ether-ligroin parts 
2,4-dinitrodiphenylainine from the mixture of 2,2'- and 2,4'-dinitrodi- 
phenylamine. The separation of the three compounds is, of course, 
relatively simple, since the mixture which may be isolated from one 
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chromatogram may readily be separated by re-chromatographing with 
different development. 

Common eluents such as alcohol, ether, and mixtures of alcohol or 
acetone in ether elute most compounds from silicic acid without diffi¬ 
culty. Indeed, only those compounds with an N-nitroso linkage required 
care in order to prevent decomposition. Table 1 shows typical results 


Table 1 

Elution of N,N-Diphenylurea from the Chromatographic Column 


Eluent % EtOH 
inEtaO 

Initial weight 
mg. 

Weight recovered 
mg. 

Per cent recovered 

5 

6.23 

6.15 

98.7 

7.5 

6.23 

6.17 

99.0 

10 

6.23 

6.16 

98.9 

10 

6.23 

6.15 

98.7 

5 

9.44 

9.46 

100.2 

5 

9.44 

9.47 

100.3 

5 

7.77 

7.75 

99.6 


which may be obtained when separately weighed portions of a compound 
are chromatographed and eluted and the quantity is determined spec- 
trophotometrically. Since the N,N-diphenylurea is so strongly adsorbed 
that ether itself is a good developer, it was necessary to use ethanol in 
ether as an eluent. It is seen that a 5 per cent solution was as effective 
an eluent as a 10 per cent solution. Usually, the calculated recovery will 
be 98 to 101 per cent of the weighed amount which was placed on the 
column. This precision is of the order which one might expect from 
a consideration of the errors involved. 

Since the spectrophotometer is so valuable in determining the quantities 
of 1 to 10 mg. which are most conveniently isolated, a few remarks about 
corrections in spectrophotometry should be made. Two familiar correc¬ 
tions are required in any optical instrument such as the Beckman Quartz 
Photoelectric Spectrophotometer which uses two optical cells, one for 
solvent and the other for solution. These corrections are necessary because 
few cells are exactly 1.000 cm. in thickness, and two cells are seldom so 
matched or so clean that one has no extinction relative to the other. 
Another correction which must be applied to spectrophotomctric reading 
is one which corrects for small amounts of impurities which are not 
removed by pre-washing or distillation of solvents. This is estimated by 
means of a blank determination. The sum of the corrections rarely 
exceeds dz 1 or 2 per cent of the extinction. In an instrument of this 
type, the spectra of most compoimds which contain benzene nuclei can 
be satisfactorily determined if the concentration is from 0.5 to 5 mg. per 
100 ml., depending upon the intensity of absorption. 
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For definitive results by spcctrophotometric methods^ the solvent must 
be specified and, consequently, the eluent must often be replaced by a 
suitable solvent. Alcohol is an excellent solvent because its transparency 
permits readings at rather short wavelengths. However, it is in this 
transfer from one solvent to another that the greatest errors in a quantita¬ 
tive chromatographic determination may easily be introduced, since so 
much eluent must be removed from so little compound. The usual 
method of evaporating the solvent under reduced pressure is of course 
satisfactory if the eluted compound is non-volatile, but this is a very strict 
requirement, since the loss of 0.1 mg. would cause an appreciable error. 
On the other hand, solvent may often be removed from a volatile com¬ 
pound by allowing the solvent to evaporate from the zone after it has 
been cut from the column and then eluting the dry adsorbent directly 
with alcohol. Even a compound such as N-nilroso-N-ethylaniline, which 
is volatile and decomposes on prolonged contact with adsorbent, may be 
determined with reasonable accuracy if 100 mg. of a high-boiling com¬ 
pound such as diethylenc glycol, which does not interfere with spectro¬ 
photometry, is added to the ether eluate before evaporation is begun. 
Thus, when the ether has evaporated, the 1 to 2 mg. of compoimd is 
dissolved in diethylene glycol and its vapor pressure correspondingly 
diminished. Actually, the recovery is only about 90 per cent, but without 
the high-boiling liquid it is about 10 per cent. It may even be that the 
solvents with which tlic column is wet and which, of course, are 
carried into the eluate by the eluent, do not interfere with spectropho¬ 
tometry. For example, ligroin of boiling range 60-70° contains appre- 



Figurq 4. Extinctions of solutions containinff the same concentration of diethyl phthalale 
and varyinff percentatpes of liffroln. 
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dable amounts of benzene and, yet, 20 to 30 per cent of this solvent may 
be present in alcohol before the extinction differs appreciably from that 
of pure alcohol at wavelengths longer than 280 m/x. This effect is illus¬ 
trated in FIGURE 4. The maxima at 255 and 262 m/x are caused by the 
presence of benzene. However, the benzene and ligroin have caused no 
increase in extinction at 275 m/x, the maximum of diethyl phthalate 
which is used for quantitative determinations. Thus, if the spectro- 
photometric constants of a compound are unaltered by the presence of 
the ligroin, measurement may be made directly on the alcohol eluate at 
wavelengths longer than 275 to 280 m/x, but at shorter wavelengths all 
extraneous solvents must be removed. 

I should like to discuss, briefly, two anomalous behaviors which many 
compounds showed on silicic acid; they are inversions and what may 
be called “double zoning.” 

When one considers the number of chromatographic investigations 
which have been published in the last decade, comparatively few 
examples®* of inversion in the relative positions of two compounds 
by change of adsorbent or developer may be cited. On silicic acid, we 
have found that inversions by change of developer occur very frequently. 
A few examples which we have observed are shown in figure 5. When 


Developer 


Benzene 

or 

Benzene- 

liqroin 


Ether- 

Ligroin 



H H 'H 
HC'C'CH 

■ ■ h 

NO, 


oi Niy 


OnO 



Figure 5. Inversion in relative position by changing developer. 


a nitrate ester is one of a pair, an inversion is very likely to occur, because 
nitrate esters develop rather readily with benzene-ligroin mixtures and 
very much more slowly with ether-ligroin mixtures than would be 
expected, while most other compounds behave as one would anticipate. 
The examples in this figure, as well as others, have indicated that inverted 
compounds usually are rather dissimilar in structure. If we consider the 
dinitrodiphenylamines again (figure 3), it is evident that, if the degree 
of change had been greater, an inversion would have occurred. Conse¬ 
quently, the ability or inability of one or another developer to separate 
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two compounds, as well as inversions by change of developer, are merely 
degrees of the same effect. Some inversions, for example, that of 
N-nitrosodiphenylamine and nitroglycerin, have been used to advantage 
in devising separations. Thus, the separation of 2 mg. of N-nitrosodi- 
phenylaminc from 100 to 200 mg. of nitroglycerin with benzene-ligroin 
was not clean-cut because of the disproportionate amounts. Yet, when 
ether-ligroin was used, the nitroglycerin remained strongly adsorbed, 
while the N-nitrosodiphenylamine developed rapidly and separated easily. 
Although these instances of inversion are the result of rather extreme 
changes in the type of developer, examples naight be cited of inversions 
which are caused merely by altering the proportions of the solvents in 
a developer. For example, N-ethylcarbanilide is more strongly adsorbed 
when a 2 per cent solution of ethyl acetate in ligroin is used, whereas 
4-nitro-N-ethylaniline is more strongly adsorbed when the concentration 
is 5 per cent of ethyl acetate. 

Of the approximately 100 compounds which we have chromatographed 
in studies of powder and explosives, a relatively large number exhibit the 
undesirable effect which may be termed “double zoning,” that is, when 
a presumably homogeneous compound is chromatographed, it may, under 
certain conditions, produce two well-separated zones which cannot be 
distinguished by other than chromatographic methods, and each of which, 
when eluted and re-chromatographed, again produces two zones. Nearly 
always, the upper zone is the smaller of the two. Double zoning has been 
observed with such structurally different compounds as 4-nitroso-N3N- 
diethylaniline, N,N-diphenylurcthane, carbanilide, and various nitro 
derivatives of diphenylamine. Although reasonable explanations of the 
cause may sometimes be given, no one explanation will suffice for all 
examples. In some instances, the presence of benzene in the developer 
seems to produce double zones which may, however, be prevented by 
changing the ratio of benzene to the other solvent in the developer; in 
other instances, precipitation of the compound by a succeeding developer 
in which it is insoluble may be the important factor. Double zoning 
appears to be similar to the blurred separation of the carotenoid methyl- 
bixin as observed by Zeehmeister and Escue.^® 

Having described the methods and materials which were used in 
quantitative analyses, let us now consider the application of these methods 
to the analysis of the three types of material which have been mentioned. 

The procedures which were required for the analysis of the powder 
of qualitatively known composition necessitated the separation of diphenyl¬ 
amine and diethyl phthalate not only from each other but also from 
nitroglycerin and nitrocellulose. Since diphenylamine, diethyl phthalate, 
and nitroglycerin may readily be separated from nitrocellulose by extract¬ 
ing the finely divided powder for several hours with methylene chloride 
in a Soxhlet apparatus, it is necessary to provide only for the chromato¬ 
graphic separation of diphenylamine, diethyl phthalate, and nitroglycerin 
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in an extract of the powder. A study of the chromatographic properties 
of these compounds^ individually and in mixture^ showed that diethyl 
phthalate is considerably more strongly adsorbed than diphenylamine and 
nitroglycerin, which may easily be washed from the column, while diethyl 
phthalate remains strongly adsorbed. Diphenylamine, on the other hand, 
is the least strongly adsorbed and may be developed into the middle or 
lower portion of the column by developers which do not move diethyl 
phthalate and nitroglycerin from the top of the column. Thus, the actual 
chromatographic separation of the compounds presents no difficulties. 

In addition to determining the method of separation, it was also neces¬ 
sary to consider the quantities which must be isolated. Since spectro¬ 
photometry was to be used, the spectrophotometric constants of the 
compounds were determined. The results showed that, if one milligram 
of diphenylamine was isolated, a dilution to 200 ml. with ethanol would 
give an appropriate value of the extinction, but that 15 to 20 mg. of 
diethyl phAalate would be required before the extinction would be 
sufficiently high at a satisfactory dilution. Since the approximate amount 
of diphenylamine in the powder was 0.7 per cent and that of diethyl 
phthalate 3.3 per cent, it may be calculated that 150-mg. and 500-mg. 
samples would be satisfactory for the respective analyses. 

On the basis of this information, the following procedures were devised, 
as may be seen from figure 6. About 2.5 g. of the powder were extracted 
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Figure 6. Determination of diphenylamine and diethyl phthalate. 


with methylene chloride, which is equivalent to benzene as a developer. 
The extract in about 50 ml. of methylene chloride was then diluted to 
100 ml. with ligroin, and 5-nil. aliquot portions were taken for the analysis 
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for diphcnylaminc and 20-ml. aliquot portions for diethyl phthalate. The 
aliquot portions for diphenylamine were diluted with ligroin, so that the 
solvent was 1:4 methylene chloridc-Hgroin, whereas the 1:1 methylene 
chloride-ligroin was a suitable solvent for diethyl phthalate. 

The diphenylamine was determined by chromatographing on a 25 x 150 
mm. column of a mixture of 4:1 silicic acid-Celite which had been pre¬ 
washed with ether and ligroin. The diphenylamine was developed into 
the middle of the column with 1:4 benzene-ligroin and a post-wash, while 
the nitroglycerin and diethyl phthalate remained at the top. All of these 
compounds are colorless. Consequently, the zone of diphenylamine was 
located by streaking with a solution of sodium nitrite in sulfuric acid, 
which produces a blue color at the position of the zone, and the zone of 
nitroglycerin by streaking with diphenylamine in sulfuric acid, which also 
produces a blue color. Diethyl phthalate is more strongly adsorbed than 
nitroglycerin. In order to prevent the inadmissible loss which would 
result from the removal of a streak which had passed through a zone, the 
following method was adopted. The column was streaked carefully 
upward from the bottom until the production of color indicated the 
bottom of the zone and, likewise, from the top until the upper boundary 
had been found. After the zone had thus been delimited, the remov^ 
of the streak before elution resulted in inappreciable loss of compound. 
This particular streak reagent, sodium nitrite in sulfuric acid, in common 
with numerous other reagents, is affected by the solvents with which the 
column is wet. Thus, on clean adsorbent which is wet with ben¬ 
zene, an orange-brown color is produced, while on adsorbent which is 
wet with ligroin of boiling range 28-38® the streak is colorless. Conse¬ 
quently, after development of the chromatogram, it is well to post-wash 
with ligroin, in order to obtain the maximum contrast between the normal 
color of the reagent on free adsorbent and that color which is produced 
as the zone is reached. The zone was then eluted directly with alcohol 
and the quantity was determined spectrophotometrically. Diphenylanoine 
is too volatile to permit evaporation of ether from an eluate, although the 
solvent may be permitted to evaporate from the zone before elution. 
However, studies showed that the solvents with which the column is 
wet and which arc removed by elution do not interfere with spectro- 
photometric determination. 

The diethyl phthalate was isolated by chromatographing on a 19 x 150 
mm. column of ether pre-washed adsorbent and washing nitroglycerin 
and diphenylamine into the filtrate with 1:1 benzene-ligroin. The upper 
half of the column was eluted with ether, the solvent was evaporated 
under reduced pressure, a few milUKters of redistilled alcohol were added 
and evaporated to remove traces of residual solvent, and the residue was 
taken up in alcohol and estimated spectrophotometrically. Since no 
streak reagent was available for diethyl phthalate, the column had to be 
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cut arbitrarily. However^ experiments showed that a generous margin 
of safety was present if the upper half of the column was eluted. 

A long study of these procedures showed that, usually, the results from 
duplicate aliquot portions of the same extract agreed to within one per 
cent of the amount of the compound, and that the values from duplicate 
extracts of the same powder had a maximum spread of about 3 per cent 
of the compound present. Thus, if 3.30 per cent of diethyl phthalate 
were actually present, values might range from 3.25 to 3.35 per cent, or 
0.1 per cent of the powder. Likewise, if 0.70 per cent of diphenylamine 
were present, the values might range from 0.69 to 0.71 per cent, or 0.02 
per cent of tibe powder. These results are representative of those which 
we obtained widi quantitative chromatographic-spectrophotometric pro¬ 
cedures for other compounds. 

I should mention that no chromatographic-spectrophotometric pro¬ 
cedure for nitroglycerin was devised because the compound has no 
maximum in its spectrum at wavelengths between 220 m/A and the end 
of the visible range, and, furthermore, chemical means, such as reduction 
with ferrous chloride and subsequent titration with titanous chloride of 
the ferric ion which is formed, are satisfactory for its determination. 

The actual study of the changes and reactions of the stabilizer, 
diphenylamine, in the aging powder was preceded by investigation of the 
chromatographic and spectrophotometric properties and methods for the 
separation of the approximately twenty anticipated derivatives. Subse¬ 
quent application of the procedures to the various heated samples then 
gave the results which are shown in figure 7. The thirteen compounds 
of which the increase and decrease are represented in this figure, as well 
as four others (2,4-dinitrodiphenylamine, N-nitroso-2-nitrodiphenylamine, 
N-nitroso-2,4'-dinitrodiphenylaminc, and N-nitroso-4,4'-dinitrodiphcnyl- 
amine) which were detected in only insignificant amount, are a complex 
system which includes nitroso, mononitro, nitrosonitro, dinitro, nitro- 
sodinitro, trinitro, tetranitro, pentanitro, and hexanitro derivatives of 
diphenylamine. The decrease of diphenylamine is not shown in figure 
7. The original 7 mg. per g. decreased at an essentially constant rate and 
was exhausted in about 5 days. The diversity of structure has permitted 
a few generalizations about the effect of the number and position of the 
substituent groups upon the relative adsorption aflSnity of the compounds. 
Thus, diphenylamine itself is very weakly adsorbed, but 4-nitrodiphenyl- 
amine has a markedly increased adsorption affinity. On the other hand, 
2-nitrodiphenylamine is only slightly more strongly adsorbed than 
diphenylamine. This effect of a nitro group in the 2 position is such 
that dinitro derivatives, with the exception of 4,4'-dinitrodiphenylamine, 
are all less strongly adsorbed than 4-nitrodiphenylamine, and the trinitro 
and tetranitro derivatives are less strongly adsorbed than 4,4'-dmitrodi- 
phenylamine. Chelation of the 2-nitro group with the amino group may 
very well be the cause of this effect. More highly nitrated derivatives are 
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very strongly adsorbed. An N-nitroso group may cither increase or 
decrease the adsorption affinity: for example; N-nitrosodiphenylaminc 
is more strongly adsorbed then diphcnylaminC; but N-nitroso-4-nitrodi- 
phenylamine is less strongly adsorbed than 4-nitrodiphenylaminc, although 
still more strongly adsorbed than N-nitrosodiphenylamine. 

Because of the relationships in the adsorption affinities; the methods 
which were devised for separating this complex mixture were not unduly 
complicated. The weakly adsorbed compounds could be isolated easily 
by individual chromatograms. The more strongly adsorbed compounds 
could then be separated into several groupS; and the compounds in the 
groups could be parted by re-chromatographing with an appropriately 
different developer. The most complex mixture was that in the 35-day 
sample which contained no less than 10 derivatives. Usually; the analyses 
were less difficult because of the smaller number of compounds which had 
to be isolated. In general; the complete analysis of one sample required 
3 to 4 days and 10 to 12 chromatograms. 

These methods were not as refined as those for diphenylamine and 
diethyl phthalatC; but it is probable that these results indicate; to within 
5 or 10 per cent; the content of the derivatives in the powder. 

The derivatives which are shown in figure 7 account for only 60 per 



Fioubq 7. Derivatives formed from diphenylamine in double base powder. 

cent of the original diphenylamine. The fate of the remainder is still 
unsolved and, in any event, is a problem beyond the scope of this 
discussion. 

Captured enemy munitions are perhaps the best examples of mixtures 
of unknown composition which it was our task to analyze. The general 
method of study, which is similar to the usual methods for, say, a natural 
extract; may be described, briefly, as follows. An extract of the powder 
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was placed on a column and developed only slightly. Since the major 
constituents of most powders are colorless, it was necessary to detect tihe 
zones by application of various reagents which indicated whether a nitric 
ester such as nitroglycerin or diethylenc glycol dinitrate as well as other 
compounds were present. The nitric ester was then tentatively identified 
by comparison of its chromatographic properties with those of known 
compounds. A few chromatograms with different developers usually 
indicated a method of separation for the other detected compounds, 
which were then shown by spcctrophotomctric examination to be known 
or unknown. Unknown compounds were isolated in sufficient quantity 
to permit identification by standard methods. Eluates of sections of the 
column which did not react with reagents were examined for the presence 
of undetected compounds. After the qualitative analysis was complete, 
a method for the quantitative analysis was devised and applied. In one 
instance, however, when the identification of one compound was difiicult, 
its spectrophotometric properties were determined and the quantitative 
analysis was completed before the qualitative. Table 2 shows the results 
of the analysis of a German powder. 


Table 2 

Composition of a German Powder 


Compound 

Percentage 

N-Ethyl-N-phenylurcthane 

1.58, 1.57 

N,N-Diphenylurethane 

1.75, 1.79 

N,N-Diphenylurea 

0.18, 0.19 

Diethylenc glycol dinitrate 

32.7 

Nitrocellulose and inorganic compounds 

62.8 

Total 

99.0 


The two results which are cited for the urethanes and diphenylurca 
were obtained from two separate extracts of the powder. Although the 
sum of the constituents is not 100 per cent, no evidence for the presence 
of other compounds was obtained, and there is every reason to believe 
tliat the discrepancy results from inaccuracies in the determination of 
diethylene glycol dinitrate and nitrocellulose, which are the major com¬ 
ponents and the most difficult to determine accurately. These were 
determined by standard methods, since no chromatographic-spectropho- 
tometric method was devised for their determination. 

The applications of quantitative chromatography which I have 
described have been in a specialized field, but I believe they indicate that, 
when relatively simple stable organic molecules are to be determined, 
complex mixtures of organic compounds can be analyzed with compara¬ 
tive ease. 
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FRACTIONATION AND ANALYSIS OF 
HYDROCARBONS BY ADSORPTION 

By Beveridge J. Mair 
National Bureau of Standards, Washington, D, C. 

This report^ reviews two methods for separating hydrocarbons by 
adsorption which were developed in connection with the work of the 
American Petroleum Institute Research Project 6 at the National Bureau 
of Standards. These adsorption processes have been used primarily to 
separate mixtures of aromatic, paraffin, and naphffiene (or cycloparaffin) 
hydrocarbons, as in the gasoline and kerosene fractions of petroleum, into 
two portions, one containing only aromatic hydrocarbons, the other only 
paraffin and naphthene hydrocarbons. This resolution of the mixture 
into two portions simplifies the problem of analysis, since an analytical 
distillation of the separated portions may be used to obtain much more 
information than is obtainable from an analytical distillation of the 
original mixture. 

Description of the First Method* With the first method, the mix¬ 
ture of hydrocarbons is introduced into the top of a column containing 
an excess of solid adsorbent (silica gel), and when it has completely 
entered the adsorbent a low boiling paraffin hydrocarbon, such as 
n-pentane, is added in sufficient quantity to remove from the column the 
paraffin and naphthene hydrocarbons but not the aromatic hydrocarbons. 
The latter am then removed by adding an appropriate desorbing liquid 
such as methanol. The paraffins, naphthenes, and pentane are thus 
obtained as a mixture from which the pentane is easily removed by 
distillation. The aromatic hydrocarbons are obtained as a mixture with 
pentane and methanol. The methanol is easily removed by extraction 
with water, and the pentane is removed by distillation. Refractive indices 
are determined on the filtrate fractions and are used to distinguish the 
aromatic portion from the paraflSn-naphthene portion. Silica gel 
adsorbent of 28 to 200 mesh size, with a natural rate of flow without 
application of pressure, is normally used in this method. 

This method was used on a comparatively large scale in a Pyrex glass 
column, 10 cm. in diameter and 300 cm. in length, holding approximately 
15 kg. of silica gel. This column was capable of separating from 500 to 
1000 ml. of aromatic material. 


This method of separation was tested on a known mixture of 17 pure 
hydrocarbons, the normal boiling points of which covered a range from 
60° to 174° C* The mixture included all of the 5 normal paraflSns from 
n-hexane through n-decane, the isoparafiSb 2-methylpentane, the 4 nor¬ 


mal alkylcyclohexanes from cyclohexane through n-propylcyclohexane, 
and aU of the 7 possible aromatic hydrocarbons from benzene through 

1 Only a brief summary of this work is j^veu here, since a detailed description is available 
in the following references; 

Mair, B. J. & A. F. ForziatL J. Res. NBS 32: 165. 1944. 

Mair, B. J. J. Res. IIBS 84: 435. 1945. 

Boni^F. D_ a J. Jto. ^ F. Forateti, ^ C. GIucov, Jr., & C. B. WlUincliam. Proe. 

Fetrotenm Beflner 

78 . 1842 . 
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isopropylbenzene. The separation of the aromatic hydrocarbons from 
the paraffins and naphthenes was quantitative within the limits of meas¬ 
urement, and their recovery was complete within the normal operating 
loss of material in processing (see reference 1, first item). 

Description of the Second Method. With the second method, the 
mixture of hydrocarbons is introduced into the top of a column of silica 
gel and, when the liquid level just reaches the top of the silica gel, a 
suitable desorbing liquid, such as ethyl or isopropyl alcohol, is added. 
The desorbing liquid forces the hydrocarbon portion down the column, 
during which passage the hydrocarbon portion is fractionated accor ling 
to the adsorbability of the various components. The paraffin plus 
naphthene hydrocarbons issue from the column first, followed by the 
aromatic hydrocarbons and, finally, by alcohol. 

On a small scale, this method is particularly suitable for the deter¬ 
mination of aromatic content, the analysis being made by determining 
the fraction of the total volume constituted by the aromatic portion. 
Refractive indices are determined on the filtrate fractions, and are used 
to allocate, to the proper portions, the volumes of those fractions which 
occur at the “breaks” between the paraffin-naphthene and the aromatic 
portions and between the aromatic portion and alcohol. 

The apparatus used for the analysis is made of Pyrex glass and consists 
essentially of a reservoir sealed to the column proper, which itself consists 
of two sections, an upper section, 2.2 cm. in diameter and 50 cm. in 
length, and a lower section, 1.0 cm. in diameter and 75 cm. in length. 
The column holds 160 g. of silica gel and will sepaurate about 20 ml. of 
aromatic material. The silica gel is finer than that used with the first 
method and is of a nearly uniform particle size, about 60 per cent being 
between the 200 and 325 mesh sizes. Pressures of 5 to 8 Ibs./sq. in., 
applied at the top of the reservoir from a source of inert gas imder 
pressure, are used with material of the gasoline range, and somewhat 
higher pressures with material of the kerosene range. Usually, fractions 
of 5 or 10 ml. arc collected, except in the neighborhood of the “breaks” 
between the portions, where 1-ml. fractions are taken. 

Results of the analyses of synthetic mixtures with this method indicate 
that the aromatic content can be determined to within ±0.2 per cent. 

The second method was used also for the separation, on a small scale, 
of monoolefin from paraffin and from aromatic hydrocarbons. At room 
temperature, considerable reaction of the olefins, as by polymerization, 
occurs. This polymerization is reduced but not entirely eliminated by 
sweeping the column with nitrogen prior to the introduction of the 
hydrocarbon, and by operating at lower temperatures. 

Current work on this second method at ffie National Bureau of Stand¬ 
ards includes the extension of the process to larger laboratory scale 
operations and the investigation of differences in the adsorbability of 
hydrocarbons of the same type due to differences in molecular size and 
structure. 



STEREOCHEMISTRY AND CHROMATOGRAPHY 

By L. Zeghmeister 

California Institute of Technology, Pasadena, California 

It is one of the oldest theses in chemistry that all properties of a given 
substance are functions of its chemical structure. This fundamental idea 
is the starting-point for manifold efforts, all of which have attempted to 
locate within the framework of the molecule those sections which are 
made responsible for certain physical or chemical properties. A detailed 
study of the functional groups should not, however, distract the attention 
of the organic chemist from such characteristics of the compound which, 
possibly, are caused by the general shape of the molecule. The classic 
field for such investigations is stereochemistry, which does not consider 
structural changes. 

A study of the dependence of adsorbabilities on the stereochemical 
configuration will probably acquire an increasing importance for the 
theoretical chemist. For the chromatographer, the problem of the 
dependence of the adsorption afiSnity on the structure finds its parallel 
in the problem of the dependence of the adsorption affinity on the spatial 
configuration. 

The. pertinent experimental data in this field may conveniently be 
divided into two parts. First, we shall consider those asymmetric com¬ 
pounds in which no double bond is responsible for the existence of stereo¬ 
isomers; and, second, those in which cis-trans-isom&rism is caused by the 
presence of double bonds. 

Optical Antipodes and Diastereoisomers. The interesting ques¬ 
tion, “How far can racemates be resolved on the Twsett Column?” natu¬ 
rally arises in any consideration of compounds of the first type. 

The idea that an opticeilly active adsorbent may be used for this pur¬ 
pose can be traced back to an early paper of Willstatter (1904) who, two 
years before Tswett’s first article on chromatography appeared, suggested 
that important information about the nature of Ae dyeing process might 
be obtained by investigating whether or not asymmetrical wool or silk 
fibers can be selectively dyed by one of the antipodes which are present 
in a racemic dye. Since no such dye was available at that time, Willstatter 
conducted model experiments with racemic alkaloids which can be easily 
adsorbed on protein fibers. The results were negative. His idea was 
later taken up by Porter and Ihrig (1923), who made use of some dyes 
which were prepared by coupling a diazo solution with racemic amino- 
mandelic acid. Under favorable conditions, the antipodes were retained 
differently, and the remaining solution was optically active. However, 
these observations could not be confirmed by some other authors. 

( 220 ) 
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Recently, Martin and Kuhn (1941) passed an endless wool strip through 
a solution of racemic mandelic acid and observed (when a suitable tem¬ 
perature gradient was applied) that, as adsorption progressed, the solu¬ 
tion acquired rotatory power. 

Henderson and Rule (1936, 1939) must be credited with a chromato¬ 
graphic resolution of the racemate of /)-phenylene-fcw-iminocamphor, 
even if the operations were lengthy and required much adsorbent. For 
example, when 30 mg. of the compound was developed with petroleum 
ether on 6 kg. of lactose, the specific rotations + 485® and — 728® were 
observed instead of ±: 1500®. 

In inorganic chemistry, a partial resolution of racemic triethylene- 
diamine chromichloride, (Cr ens) Cls+S H 2 O, on columns made of 
d- or Z-quartz was achieved by Karagunis and Goumoulos (1938), who 
carried out a fractional elution with 85 per cent alcohol. 

It follows, from some recent reports, that the well-known method of 
the resolution of a racemic acid by coupling it with an asymmetric alkaloid 
can be made more effective by a combination with chromatographic 
procedures. Hass, de Vries, and Jaffe (1943) observed that a partial 
resolution of brucine-d,Z-mandelate takes place when this salt is developed 
with benzene on glucose. Furthermore, according to Fischgold and 
Ammon (1941), if dl,i-mandelic acid and an optically active alkaloid are 
retained simultaneously on charcoal, the unadsorbed portion of the acid 
shows rotatory power. 

That, in principle, a separation of diastereoisomers can be carried out 
on optically inactive adsorbents, may be illustrated by the following 
examples. 

Jamison and Turner (1942) developed Z-menthyl-d,Z-mandelate with 
petroleum ether on alumina. The 15 cm. top section yielded, upon 
saponification, a mandelic acid with [a]D = —18.2®, but the correspond¬ 
ing figure for a fourth such section was +64®. Stoll and Hofmann 
(1938) succeeded in resolving an isomorphous mixture of d-isolysergic 
acid-d-isopropanolamidc and Z-isolysergic acid-d-isopropanolamide which 
could not be separated otherwise. When the mixture was developed with 
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acetone on alumina^ the first few fractions from the liquid chromatogram 
yielded a crystalline d^-derivativc, [a]jy = +416°; further portions showed 
first decreasing dextrorotation, then increasing Icvorotation, and the final 
fractions yielded practically pure Z-compound, [a]© = —342°. 

A clear separation of the two diastereoisomeric N-benzoyl-cycloheptano- 
2, 3-pyrrolidines (figure 1) was carried out by Prelog and Geyer (1945) 
by fractional washing on alumina with benzene and then with ether. 
First the a-isomer, m.p. 109°, then a mixture, and, finally, the pure 
j^-isomer, m.p. 86-7°, passed into the filtrate. 

Another recent contribution was made by Prelog and Wieland (1944). 
Previous to their work, it does not seem to have been possible to resolve 
a compound which contained an asymmetric trivalent nitrogen atom 
into its optically active components. These authors selected as starting 
material ‘Troger’s base” (figure 2) and made use of petroleum ether 



on lactose in a liquid chromatogram procedure. The efficiency of this 
resolution is indicated by the fact that only 450 parts of sugar were 
necessary for 1 part of the compound, of which 5-6 per cent was resolved 
in a single run. After systematic recrystallizations of the highly rotating 
fractions, the values, [a]i> =: +287° and—^278° were obtained. 

Prelog and Wieland’s contribution is remarkable in two ways: first, by 
application of chromatography, the important stereochemical fact has 
been secured that, in structures like Troger’s base, an asymmetric triva¬ 
lent nitrogen atom must occupy a stable position outside the plane of its 
three substituents; and, second, the possibility of a sequence inversion 
has been extended into the field of stereochemistry, since it was shown 
that, while a lactose column adsorbs the Z-form of Troger’s base more 
strongly than it does the d-form, columns of d-tartaric acid or d-potassium 
hydrotartate prefer the d-isomer. 

Cis^trans Isomerism around Nitrogen-Nitrogen or Carbon- 
Nitrogen Double Bonds. It is well known that illumination of azo¬ 
benzene solutions produces a lower melting isomer which is termed the 
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CIS form. It was shown by Cook (1938; Cook and Jones, 1939), and 
somewhat later by Zechmeister, Frehdcn, and Fischer-Jorgensen (1938) 
that the mixture of the two isomeric azobenzenes can be resolved on 
alumina by developing with benzene. The cis form is very well separated 
and occupies top position. The same sequence is exhibited by a number 
of azo dyes investigated by Cook. However, for bis-dczo structures, like 
C 6 H 5 .N=N.C 6 H 4 .N=N.G 6 Hb, he found the sequence from top to bottom 
to be cis-transp cis-cis, and trans-trans. 

The reversibility of the sequence of cis- and iran^-azobenzene is implied 
by a study of Freundlich and Heller (1939), who showed that cis- 
azobenzene, which is the more hydrophilic isomer, is preferentially 
adsorbed by the more hydrophilic adsorbent, alumina. In contrast, the 
more hydrophobic trans form is the preferred one on the surface of a 
more hydrophobic adsorbent such as charcoal. 

Examples of carbon-nitrogen double bonds which form cis-trans 
isomeric pairs are benzoin oxime, CcH 5 .CHOH.C(=NOH).CcH 5 , and 
anisoin oxime, CgH5.CH0H.G(=N0H).GcH4.0GHs. Their trans 
forms, when developed on filtrol with benzene + 2% alcohol, are much 
more strongly adsorbed than the corresponding cis isomer. The stereo¬ 
isomers can be located easily by brushing the column with ammoniacal 
copper sulfate. It should be mentioned that, in this instance, the cis 
configuration is not entirely stable under the conditions of the experiment 
and isomerizes on the column to give a few per cent of trans oxime 
(Zechmeister, McNcely, and Solyom 1942). 

Cis-trans Isomerism around Carbon-Carbon Double Bonds. 
Diphenylpolyenes. In the field of the a,o>-diphenylpolyenes, C 0 H 5 . 
(GH=:CH)„.CcH 5 , there is some information available concerning the 
dependence of the adsorption affinities on the spatial configuration, 
especially for the members of this homologous series with n = 1, 2, or 4. 
The usual synthetic methods produce tran^ forms; these, however, under 
the influence of illumination or other factors suffer a trans cis 
rearrangement. Subsequent chromatographic separation shows that, at 
least for the three compounds mentioned, the zll-trans form possesses 
a greater adsorption affinity than the corresponding cis isomer(s). 

The location of the two stereoisomeric stilbenes (71= 1), and some of 
their derivatives, can be easily carried out after a development with 
petroleum ether, on alumina by means of permanganate (Zechmeister 
and McNecly, 1942). 

Diphenylbutadiene (tz = 2) was recently investigated (Sandoval and 
Zechmeister, 1947). In this case, also, upon illumination, two important 
characteristics are altered, viz.^ the adsorbability decreases and the extinc¬ 
tion values are reduced. At the same time, the initial fine structure 
shown by the spectral curve of the ^\-trans form disappears. Both the 
dM-trans and a cis isomer can be located on the column by means of 
ultraviolet light, namely, by the intense fluorescence of the former and 
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by the quenching of the weak fluorescence of alumina at the position of 
the latter. 

In the case of diphenyloctatetraene (n = 4), a similar parallelism 
between adsorption and extinction changes exists (Zechmeister and 
LeRosen, 1942). The formation of most of the nine possible stereo- 
isomeric forms of this compound is prevented by steric hindrance. The 
three fluorescing zones wWch can be seen on the calcium hydroxide 
column separate well from each other when developed with benzene- 
petroleum ether. The sH-trans form occupies top position and is 
followed probably by trans-cis-trans-trans- and then by trans~cis-cis~trans- 
diphenyloctatetraene. 

An interesting phenomenon was observed during chromatographic 
experiments wiA this polyene. When a cis zone was inspected for too 
long a time (say, for a whole minute) with the ultraviolet lamp while 
development was going on, it divided into two zones, one of which was 
all-fr^nj-diphenyloctatetraene, newly formed on the column by photo¬ 
isomerization. Thus, two ^\-trans zones were present on the same 
column, the second one at the place of its formation. This non-intended 
rearrangement took place on the cylindrical surface of the adsorbent, 
while the inside of the column showed only the original cis zone but none 
of a locally formed zH-trans zone. In such cases, it is practical, before 
the solution is introduced, to cover the chromatographic tube with black 
paper except for a narrow observation slit. 

Carotenoids, We are now going to discuss some of the services which 
have been rendered by chromatography in studies of the stereochemistry 
of the naturally occurring polyenes, the carotenoids. In this widely 
distributed class of pigments, the molecule is characterized by an unusual 
number of conjugated double bonds, for example, ten in a-carotene and 
eleven in j9-carotene, y-carotene, and lycopene (C^oHse). For a time, 
it was believed by some authors that, within the framework of such 
a long conjugated system, each double bond loses so much of its individual 
character that no clearly defined cis and trans form can be expected. 

As is well known, it was the chromatographic method which helped 
to disprove such concepts. The fundament^ observation was made by 
Gillam and El Ridi (1936), who reported that carotene, when repeatedly 
chromatographed, produces a second zone, containing an isomer, below 
the unaltered mam section on the Tswett colunm. The reversibility of 
the process was clearly recognized (Gillam and El Ridi, 1936; Gillam, 



Fioueb S. Modd of all-frana-lycopene. 
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Figure 5 (continued). 



228 


ANNALS NEW YORK ACADEMY OF SCIENCES 


El Ridij and Kon, 1937). The isomerization of some carotenoids was 
also described, somewhat later, by the author and Cholnoky (1937), as 
well as by Strain (1938, 1941). It was shown by the author and Tuzson 
(1938) that this isomerization is independent of the adsorption process 
(confirmed by Carter and Gillam, 1939 ); and, furthermore, that the 
classic catalyst for cis-trans rearrangements, iodine, can be used also in 
the field of the G 4 o-carotenoids (1939; cf. Zscheile, Harper, and Nash, 
1944. For a more detailed evaluation of the literature on isomerization 
methods, see a review written by the author, 1944; cf. Strain, 1938, 
1939). 

By far the major fraction of the naturally occurring carotenoid mole¬ 
cules is in the all-^trans configuration (figure 3), and even those 
equilibria or quasi-equiHbiia which can be produced by thermal, photo¬ 
chemical, or catalytic processes mostly contain the alUrans form as a 
main constituent and partially cis forms in lesser amount. The totality 
of all possible stereoisomers of a polyene is termed a “stereoisomeiic set”, 
and each isomer is a “member” of the set. 

Calculation shows that, even for a relatively simple symmetrical com- 
potmd such as jS-carotene, the stereoisomeric set should include 272 
members. However, according to Pauling (1939), four of the nine 
aliphatic double bonds cannot assume cis configuration, because of steric 
hindrance which is caused by the presence of methyl side chains. The 
expected number of stereoisomers is thus reduced to twenty (figure 4). 
Even so, there is, evidently, no other method but chromatography which 
is applicable to the separation of stereoisomeric j8-carotenes, of which 
about a dozen have been observed so far (Polgdr and Zechmeister, 1942). 
The same statement is valid for the stereoisomeric forms of lycopene 
(figure 5). 

It is not appropriate, at this time, to discuss the methods which may 
be used to assign a tentative configuration to such isomers. A few 
remarks may therefore suflSce (for a more detailed survey, cf. Zechmeister, 
1944). Since each traTis cis rotation involves a shift in position of the 
spectral maxima to shorter wavelengths relative to the all-^ra?^^ isomer. 



Fiqubb 6. Modd of central monocis-lycopene. 
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the number of cis double bonds may be roughly determined. On the 
other hand, the so-called (rzj-peak effect, the appearance of a new 
spectral maximum somewhere between 320 and 380 mju. (Zechmeister 
and Polgar, 1943) yields some information about the general shape of 
the molecule, that is, about the position of the cis double bonds. Those 
isomers possessing the highest ^zV-peaks are supposed to be V-shaped 
(figure 6): in other words, a cis double bond is probably located at or 
near the center of the chromophore. In contrast, in isomers possessing 
low ^rw-peaks, the bending of the molecule has taken place at a peripheral 
section of the conjugated system (Zechmeister, LeRosen, Schroeder, 
Polgdr, and Pauling, 1943). 

Experiment has shown, in the case of carotenes, that bending of the 
molecule around a double bond may either increase or decrease the 
adsorption affinity. No parallelism is evident, in this case, between the 
direction of chromatographic and spectroscopic changes. That particular 
type of isomer, like neo-j8-carotene U, which is rather stable and in which 
a centrally located cis double bond is assumed to be absent, possesses a 
higher adsorption affinity than the all-franr form, while the type of neo-B 
which shows a high ^iVpeak and greater liability is located below all- 
frfln^-jS-carotene on the Tswett column. 

The differences in adsorption affinity just mentioned are very con¬ 
siderable. In fact, they are of the same order of magnitude as effects 
which are caused by some structural alterations, the addition or 
removal of a conjugated double bond. Thus, if a mixture of a- and 
^-carotene is catalyzed with iodine, in light, subsequent development with 
petroleum ether on calcium hydroxide demonstrates considerable over¬ 
lapping of the two stereoisomeric sets, as shown by the following sequence 
(^chmeister and Polgar, 1944): 

{top) Neo-j8-carotenc U 
Neo-j8-carotcnc V 
Neo-a-carotene U 
AU-ifflnj-jS-carotene 
Neo-o-carotenc V 
Neo-/?-carotene B 
Neo-j8-carotene E 
Nco-a-carotenc W 
Neo-jO-carotene F 
AU-Zran^-a-carotene 
Neo-a-carotene B 

{bottom) Neo-a-carotenes G, D, etc. 

In connection with these observations, it was desirable to investigate 
how far the adsorption affinities are influenced by a great number of cis 
double bonds, and whether or not the rotation of, say, four to seven 
double bonds into cis position involves parallel or opposite changes in 
adsorbabilities and position of the spectral bands. Unfortunately, no 
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method is available^ at the present time, which permits the preparation 
in vitro of polycts carotenoids. Evidently, the probability of the formation 
of such stereoisomers is very low under the experimental conditions 
applied. However, nature has provided us with the desired material in 
the form of several crystallized polyew compounds, e.g,^ prolycopene 
(figure 7) and pro-y-carotene, G 4 oHcc> which occur in several fruits 



Fioubb 7* Modd of prolycopenc (a hexacts-lycopene), 


(Zechmeister, LeRosen, Went, and Pauling, 1941; Zechmeister and 
Schroeder, 1942; Lt^osen and Zechmeister, 1942; in petals: Schroeder, 
1942). Recently, in collaboration with Pinckard (1947), six more 
polyw lycopenes were observed which doubtlessly contain four to seven 
cis double bonds. 

M of these compounds show a flat spectral curve in the eij-peak 
region, and a very much decreased adsorption aflSnity compared with 
that of the corresponding all-tronj pigment or any stereoisomer containing 
a few cis double bonefc as obtained in vitro. Evidently, when all or most 
of the^ sterically available double bonds are in cis configuration, the 
inaeasing or decreasing effect of a single trans -> as shift is overruled by 
the total effect of the polycir configuration. 

Our knowledge is less complete in the field of the dihydroxycarolenes, 
«.g., lutein or zeaxanthin, HO.G 40 H 64 .OH, where no polycir forms are 
available. As found by Strain (1938) and, independently, by our group 
(Zechmeister and Gholnoky, 1937; Zechmeister and T\izson, 1939), all 
stereoisomers of the dihydroxy carotenes are adsorbed considerably above 
toe afl-tranr form. This is also true for toe important algal pigment 
fucoxanthin, G 40 H 66 O 8 , as pointed out by Strain and Manning ( 1942 ). 

Whether or not the increased adsorption affinity of ds xantoophylls is 
caused by toe diminished distance between toe two hydroxyl groups, 
camot be decided at the present tone. In favor of such an interpretation 
IS toe fact that the monohydroxy compound, cryptoxantoin, HO.G 40 H 66 
behaves like toe hydrocarbons and yields stereoisomers with both 
m^ed and diminished adsorbabiHty (Zechmeister and Lemmon, 

The contrast in toe behavior of a polyene hydrocarbon and toe corre- 
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FiGunn 8. Skeleton models of four crystalllaable stereoisomeric methylbixins, in the order 
of decreabing; adsorption afBnities (the dots desigrnate —COOCHs groups): natural me^ylbixin 
(top); all-£ra 7 is-methylbixin; ncomethylbixin A; and neomethylbixin 0 (bottom). 


spending dihydroxy derivative can be illustrated, for example, by the 
following chromatographic sequences: 


a-Carotene Set: 

(top) peripherally bent isomers 
all-trans form 
(bottom) V-shaped isomers 


Dihydroxy-orCarotene Set: 
V-shaped isomer 
peripherally bent isomer 
all-irflTw form 


A lower molecular weight polyene, the dicarboxylic methylester, 
methylbixin, CH 3 OOG.C 22 H 26 .COOGH 3 , shows in principle the b^avior 
of the carotenes, as illustrated by figure 8 (Zechmeister and Escue, 
1944). 

We may summarize the available information in the field of cis-trans 
isomeric compounds containing sterically effective carbon-carbon double 
bonds as follows. 

The adsorption affinities are highly dependent on the spatial configura¬ 
tion, often more so than on some structural features. If only one or two 
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double bonds are present, classic procedures like crystallization may be 
used for the isolation of the stereoisomers. However, with a progressing 
lengthening of the unsaturated system and, thus, an increase of the 
number of the members of the set, chromatography becomes the only 
practical method for the resolution of a complicated stereoisomcric mix¬ 
ture. It seems even that the future development of certain chapters of 
stereochemistry will depend on the expert use of adsorption procedures. 

A general theory of the dependence of the adsorption affinities on the 
spatial configuration is not available, and nothing is known concerning 
the anchoring points and the orientation of the individual stereoisomcric 
molecules on ffie active surface. On the other hand, the influence of 
trans cis rearrangements on the chromatographic behavior is now 
better defined than previously, especially in the field of some natural 
polyene pigments. 

Since the chromophoric group is responsible also for the spectrum, 
combined spectroscopic and chromatographic observations may be of 
considerable use in the future. Under the influence of spatial rearrange¬ 
ments, adsorbability and light extinction may undergo changes in a 
parallel or in an opposite direction. A closer study of such phenomena 
may offer an approach both for the interpretation of spectra and of 
adsorption processes. These problems are, however, of much deeper 
significance than those which could be discussed in the present short 
review of the relationship between stereochemistry and chromatography. 
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CHROMATOGRAPHY IN THE STREPTOMYCIN 
PROBLEM 

By Robert L. Peck 

Research LaboratorieSj Merck and Co.j Inc.^ Rahway^ N. J. 

Streptomycin has become increasingly important since its discovery was 
first reported, in 1944, by Schatz, Bugie, and Waksman.^ The isolation 
of pure streptomycin and the application of streptomycin to clinical prac¬ 
tice in less than three years after its discovery represent a significant 
achievement. To a considerable extent, this accomplishment is due to 
the development of chromatographic methods for purification of the 
active substance. The present paper is concerned with this phase of the 
streptomycin problem. 

The object of the reported work on the chromatographic purification 
of streptomycin was essentially the preparation of pure material for 
degradative and other studies, rather than the careful investigation of 
chromatographic behavior. It will be understandable, therefore, that 
there remains much to be desired concerning knowledge of the chromato¬ 
graphic behavior of streptomycin. 

The problem was the separation of a complex active substance which 
was soluble in water and in methanol, but nearly insoluble in the common 
organic solvents, from large amounts of inactive impurities possessing very 
similar solubility properties. Chromatography appeared to be the only 
practicable approach, since neither purification by extraction from water 
into organic solvents and back into water, nor direct crystallization of 
the active substance was possible. The solubility of streptomycin con¬ 
centrates was such that the solvent for chromatography was necessarily 
strongly polar (water, methanol, or mixtures largely composed of these 
with miscible solvents). Examination of adsorption behavior led to the 
general choice of alumina as the adsorbent for columns. Darco G-60 
carbon was also found applicable. 

The colorless nature and siixdlarity in properties of streptomycin and 
many of the impurities present in the concentrates made it difficult to 
follow the chromatographic purification of streptomycin on the columns 
by visual observation. Although colored salts of streptomycin have been 
rnade,^* ® their chromatography does not appear to have been investigated 
to any great extent. The “liquid chromatogram”, discussed by Zech- 
meister and Gholnoky,^ has been employed, therefore, for the chromato¬ 
graphic work thus far described in detail. 

^Schatz, A., E. Bnsrie, & S. A. Waksman. Proc. Soe. Biol. & Med. 65: 66. 1944. 

3 Fried, J., & O. Wlntersteiner. Science 101: 613. 1945. 

^Enehl, F. A., Jr., B. L. Peck, A. Walt!, & E. Folkers. Science 102: 34. 1945. 

« Zechmeister, L., & L. Cholnoky. The Principles and Practice of Chromatoffraphy: 76, 77. 
Second Edition. John Wiley & Sons, Inc. Kew York. 1941. 
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The Kquid chromatogram, in principle, consists of a series of filtrates 
successively collected from a chromatographic column* In this type of 
procedure, part or all of the adsorbate is forced through the coliunn into 
the filtrate. Examination of the arbitrary series of filtrate fractions taken 
gives the required information on fractionation. 

Investigation of liquid chromatograms of streptomycin has been based 
on concentration of solids and concentration of activity in the filtrate 
fractions. Other variables, such as optical rotation and nitrogen content, 
could also be followed. Plotting these results against the filtrate volumes 
gives a graphic picture of the chromatogram. 

A brief discussion of the source and chemical nature of streptomycin 
is given here, in order to furnish a basis for an understanding of the type 
of compound being purified by chromatography. Streptomycin is pro¬ 
duced by the mold, Streptomyces griseus, grown under certain specified 
conditions.^ The antibiotic is usually recovered^* from filtered 

culture broths by adsorption on activated charcoal. The charcoal is 
eluted with add alcohol and the antibiotic is obtained as a crude, 
amorphous, hygroscopic powder. This concentrate may be purified by 
chromatography to yield nearly pure streptomycin salts. 

Streptomydn preparations from chromatographic purification have 
been converted to pure crystalline salts, including itit rdneckate,®* ® 
helianthate,^ sulfate,® ( 2 -hydroxy-l-naphthylazo)-benzenesulfonate,f 
and the caldum chloride double salt.® From investigations carried out 
on the pure salts, and on degradation products obtained from them, much 
of the chemical nature of streptomycin has become known. Streptomydn 
is a levorotatory base, G 21 H 89 N 7 O 12 , with a molecular weight of 582. 
The trihydrochloride shows [ajo —86.7®. Streptomydn appears to be a 
glycoside composed of a l,3-diguanido-2,4,5,6-tetrahydroxycyclohexanc, 
termed streptidine,® and a disacdiaride-like substance designated strepto- 
biosamine.^® Streptobiosamine, G 13 H 28 NO 9 , is composed of N-methyl-1- 
glucosamine and a six-carbon sugar-like fragment, designated streptose^® 
or streptonose.^^ The reducing group of the N-mclhyl-1-glucosamine 
fragment is bound in glycosidic linkage to streptose in streptobiosamine. 
There appears to be an aldehydic group in the streptose portion of intact 
streptomydn,^^ and also a G-methyl group.^® Reaction of streptomycin 


'Carter. H. E., R. K. Clark, Jr., S. R. Dickman, T. H. Loo, P. S. Skcll, & W. A. Strong. 
J. Biol. Chem. 160: 887. 1946. 

«Le Fag^G. A., & B. CampbelL J. Biol. Chem. 162: 168. 1946. 

J Vanto Brook, M. J., A. N. Wick, W. H. Be Vries, R. Harris, 8c G. F. Cartland. J. Biol. 
Chem. 165: 468. 1946. 

8 Peck, R. L., N. G. Brink, F. A. Kaehl, Jr., E. H. Flynn, A. Walti, & K. Folkers. J. Am. 
Chem. Soc. 67: 1866. 1946. , 

»*0 structure of streptidine, see: Peck, R. L., C. E. Hoffhine, Jr., 
1 ^ Mozingo, & K. Folkers. J. Am. Chem. Soc. 68: 776. 1946. 

For leading references to the structure of streptobiosamine, see: Enehl, F. A., Jr., E. H. 
Flynn, N. G. Brink, & K. Folkers. J. Am. Chem. Soc. 68: 2096. 1946; and Brink, N. G., 
& K. Folkers. J. Am. Chem. Soc. 68: 2405. 1946. 

& O. Wintersteiner. Abstracts of the Chicago Meeting, A.C.S., Sept., 1946: 

1946^*^****^' I- L. H. Klem, W. J. Polglase, & M. L. Wolfram. J. Am. Chem. Soc. 68: 2120. 
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with hydroxylamine and with scmicarbazide has been shown to occur.^® 
Reduction of streptomycin gives rise to dihydrostreptomycin/^ a biologi¬ 
cally active substance, while oxidation yields biologically inactive strep- 
tomycinic acid.^^ These reactions apparently involve only the aldehydic 
group. A diagrammatic representation of the structure of streptomycin 
is shown in figure 1 , 
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FIGURD 1 . 


Streptomycin Irihydrochloride is quite soluble in both water and 
methanol, and slightly soluble in ethanol. The sulfate is quite soluble 
in water but only slightly soluble in methanol. Aqueous solutions of pure 
streptomycin trihydrochloride are slightly acidic. The activity of strep¬ 
tomycin trihydrochloride is about 800 units per mg., although the values 
obtained depend to a certain extent on the methods of assay. 

Fried and Wintersteiner^ first reported the preparation of crystalline 
streptomycin reineckale from concentrates of streptomycin purified by 
steps including chromatography. From their brief description, it appears 
that streptomycin picratc was employed for the chromatographic purifica¬ 
tion. The reincckate assayed about 400 units per mg., and streptomycin 
sulfate prepared from the pure reineckate assayed about 850 units per mg. 
Shortly afterwards, there appeared a paper by Kuehl, Peck, Walti, and 
Folkers® which described crystalline salts of streptomycin, including the 
helianthate, />-( 2-hydroxy-l-naphthylazo)-benzenesulfonate, and sulfate, 
which were also prepared from streptomycin concentrates obtained by 
chromatographic procedures. 

Garter and his associates® first described in detail a chromatographic 
purification procedure for the preparation of highly active concentrates 
of streptomycin. This method employed alumina as adsorbent and 80 
per cent methanol as developing solvent. The streptomycin concentrate 
used in the chromatograms had an activity of 150-300 units per mg. It 


i^Brink, N. G., P. A.Knehl. Jr.. &K. Folkers. Science 102 : 606. 1946. 

i^Peck. R. L., C. E. Hoffhine, Jr., & K. Folkers. J. Am. Chem. Soc. 68: 1890. 194$. 
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was found that alkaline alumina removed streptomycin from neutral 
aqueous solution, but elution with aqueous acid was slow and incomplete. 
Acid-washing alumina did not remove streptomycin from neutral aqueous 
solution, but did so from aqueous methanol. The chromatographic 
method used was developed on the basis of this information. It is to 
be noted that solutions of the concentrates of streptomycin hydrochloride 
were partially neutralized before introduction to the colunms. 

Crude streptomycin hydrochloride in 70-80 per cent methanol at a pH 
of about 6.3 was percolated over a sulfuric acid-washed alumina column 
(pH 5-6). An inactive filtrate fraction giving a positive Sakaguchi test 
for guanido groups was followed by a fraction giving a negative Sakaguchi 
test. The subsequent fractions gave positive and strong such tests. The 
rapid rise of this test to a peak paralleled the increase in activity of the 
fractions. A small amount of activity remained on the colunms. This 
could be removed by lowering the methanol content of the developing 
solvent. The material so eluted contained sulfate ion but no chloride 
ion. The evidence indicated that chloride ion was replaced by sulfate 
ion on the column, an exchange which rendered the product (strep¬ 
tomycin sulfate) less soluble in the developing solvent (70-80 per cent 
methanol), and thereby caused it to require the use of water for elution. 
Streptomycin sulfate is known to be much less soluble than the hydro¬ 
chloride in methanol. The most active fractions from the column were 
concentrated to remove methanol, and lyophiKzed to give amorphous 
powders ranging in activity from 600-900 units* per mg. Less active 
fractions could be purified by repetition of the chromatographic 
procedures. 

The alumina used (Merck or Harshaw) had been acidified to pH 6 
with 50 per cent sulfuric acid and back washed with distilled water until 
the washings were sulfate-free. The pH of the final wash was 6.0. The 
alumina was put into the colunrn as a slurry in water, then thoroughly 
washed with 80 per cent methanol. Columns, 3.2 cm. in diameter, 
containing 480 cc. of packed alumina were used for 8-10 gram lots of 
streptomycin. The weight ratio of adsorbent to solute is estimated to be 
about 25-50:1. 

The crude streptomycin hydrochloride (8-10 g.) was dissolved in 90 cc. 
of 80 per cent methanol and brought to pH 6.3 with 2.0 N lithium 
hydroxide in 80 per cent methanol. The slight precipitate was removed 
by filtration, and the filtrate was carefully poured onto the prepared 
column. The chromatogram was developed with 80 per cent methanol. 
The solution leaving the column was collected in 100-cc. fractions. 
Sakaguchi and chloride tests were made to check the location of the 
fractions. When the Sakaguchi test began to decrease, the 80 per cent 
methanol was replaced with water as developing solvent. This accounts 


* In such an instance, it is believed that compaiative assays "with pure streptomycin 
trihydrochloride 'wonld show the latter to be moie active than 900 units per mff. 
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for the observation of secondary peaks of activity (see figure 2). Various 
fractions were combined for preparation of solid products. Table 1 gives 

Table 1* 

Solid Fractions from Alumina Column 


Fraction No. 

Weight of solid g. 

Activity of solid 
units per mg. 

Nitrogen content 
per cent 

7-11 

0.45 

600 

11.40 

12-17 

1.00 

900 

13.47 

18-23 

0.65 

620 

13.83 

24-26 

0.43 

520 



* From Carter, H. E., R. K. Clatk, Jr., S. R. Dickman, Y. H. Loo, P. S. Skell & W. A. 
Strong. J. Biol. Chem. 160: 837. 1946. 


data on these fractions. Based on the activity of pure streptomycin 
hydrochloride^^* ® the best fractions from such columns were probably at 
least 90 per cent pure streptomycin hydrochloride. Table 2 shows the 

Table 2* 

Fractionation of Crude Streptomycin on Alumina Column 


Fraction 

No. 

Volume 

cc. 

Sakaguchi 

Chloride 

Activity 
units per 
cc. 

Total 

units 

2 

800 


_ 



■ 



3 

100 


— 

- 

- 




4 

100 


H 

- 

- 




5 

100 


H 

- 

- 




6 

100 


J 

- 

- 




7 

100 



. 

— 



1,600 

8 

100 


- 

_ 

- 



17,000 

9 

100 


• 

. 

- 



40,000 

10 

100 


- 

- 

- 



57,000 

11 

100 



- 

- 

- 


80,000 

12 

100 



.... 

- 


- 

1140 

114,000 

13 

100 


— 


- 

- 

- 

1140 

114,000 

14 

100 



..... 

. 

- 

- 

1140 

114,000 

15 

100 

.. 

_ 


- 

- 

- 

1340 

134,000 

16 

100 




. 

- 

- 

1340 

134,000 

17 

100 


_ 


- 

- 

- 

1140 

114,000 

18 

100 


— 

- 

.. 

- 

960 

96,000 

19 

100 


_J 

- 

- 

- 

920 

92,000 

20 

100 



- 

- 

- 

570 

57,000 

21 

100 



- 

- 

- 

720 

72,000 

22 

100 



. 

- 

- 

1060 


23 

100 



. 


- 

570 

57,000 

24 

200 



- 

- 

- 

800 

160,000 

25 

200 





_ 

380 

76,000 

26 

200 


- 

- 

- 

— 

400 

80,000 


Total units recovered 1,715,000 


•From Carter, H. E., R. K. Clark, Jr., S. R. Dickman, T. H. Loo, P. S. SkeU ft 
W. A. Stronff. J. Biol. Chem. 160 : 887. 1946. 
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fractionation data obtained in the chromatogram described above. The 
streptomycin hydrochloride put onto this column weighed 9.9 g., had an 
activity of 221 units per mg., and contained a total of 2.19 million units. 



Figure! 2. Chromatosn^am of streptomycin hydrochloride, 221 
units/znff. Solvent: 80% methanol; adsorbent: alumina. (Data 
from Carter et al.<!) 



Kgueb 8. Chromatogram of streptomycin hydrochloride, 72 
nmtsy^msr. Solvmt: methanol; aororbent: alumina. (Data 
from Knehl et aU”) 
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Figure 2 gives a graphic study of this chromatogram. The solid con¬ 
tent of the filtrate is quite low, reaching a maximum of only about 1.7 
mg. per cc. (fractions 12-17). The activity maximum in the filtrate was 
about 1340 units per cc. The second maximum of activity in figure 2 
is the result of change from 80 per cent methanol to water after fraction 
20 had been taken. It will be observed, from the graphs, that the most 
active fractions were obtained at the point of maxima of both activity 
and solids concentration. Lack of data on solids concentration makes it 
hard to judge the degree of coincidence of these maxima. It is to be 
noted that considerable solvent was collected before much solid appeared 
in the filtrate. Lacking other data, this indicates a moderately slow 
passage of the solute through the column, relative to solvent flow. Since 
streptomycin is a base, the lower the pH of its solutions the more ionized 
it will be and, consequently, the less strongly adsorbed. The slow passage 
of the active material through this column, therefore, may be ascribed in 
part to its partial neutralization. Slow passage through the column 
should favor effective purification. Approximately four-fold purification 
was achieved in this experiment, and the best fractions were very close 
to purity, in so far as they may be judged by bioassay data. 

Kuehl and associates^® recently published details of their chromato¬ 
graphic purification procedures. They used absolute methanol solutions 
of streptomycin hydrochloride concentrates without preliminary neutrali¬ 
zation, and absolute methanol as developing solvent. Darco G-60 carbon 
and sulfuric acid-washed alumina were employed as adsorbents. Filter 
paper pulp was mixed with the Darco G-60 for bulking purposes.^® The 
filtrate fractions were collected and mixed with 5-10 volumes of acetone 
or ether to effect precipitation of the streptomycin hydrochloride. The 
products were collected by centrifugation, washed, and dried in vacuo. 
Table 3 gives some examples of the data obtained. 

In FIGURES 3, 4, and 5 graphic studies of these results are shown. The 
maximum solids concentration in the filtrate fractions from these chro¬ 
matograms is in the range of 7-16 mg. per cc., roughly 5-10 times as high 
as in the case of the column described by Carter et alJ^ The maximum 
activity concentration is in the range of 3000-8500 units per cc., again 
considerably higher than in the previously described case; also, this 
maximum occurs before the attainment of the maximum of solids. 
Owing, probably, to the lower pH used in these chromatograms, the 
active material passes down the colunm faster than in the preceding 
experiment. 

In FIGURE 3, the activity maximum appears before the maximum of 
solids concehtration, indicating a significant separation of streptomycin 
from one or more impurities. Separation of two zones is approximated. 
The concentrate employed in this column contained roughly only ten per 

u EnehL F. A.. Jr.. B. L. Peck, C. E. Hoffhine, Jr., R. P. Graber, & E. Folkeis. J. Am. 
Chem. Soc. 68: 1460. 1946. 

^^Wachtel, J. & H. 6. Cassidy. Science 95: 2S3. 1942. 
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cent of streptomycin, and the streptomycin appeared to be about the most 
rapidly moving component of the mixture. It is pointed out that, if 
there are salts present, e.g., sodium chloride, they will move nearly as 
fast as the solvent, and faster than streptomycin. Their rate relative to 
solvent in this system” approaches unity; JJ S 1. Figure 4, a chromato¬ 
gram of a purer concentrate on alumina, shows no definite separation of 
maviTna FiouRE 5, however, a chromatogram employing Darco G-60 
carbon, again shows this separation. It is possible that the carbon effects 
greater separation of the components of streptomycin concentrates than 
does alumina. Its use on a large scale is, however, beset with certain 
practical difficulties. 

Vander Brook and associates'^ have recently described a chromato¬ 
graphic procedure simi lar to that of Garter et al.^ Their modification lies 
in the use of hydrochloric add-washed alumina which eliminates the 
streptomydn sulfate zone noted® in the chromatogram on sulfuric add- 
washed alumina. The procedure employed was the following. Five 
kilograms of Harshaw alumina (No. 2-350, catalyst) were adjusted to 
pH 4.7 with hydrochloric acid and thoroughly washed with distilled 
water. The acid-adjusted aluminum oxide was then suspended in 80 
per cent methanol and poured, as a slurry, into a glass pipe, 4 inches in 
diameter, producing, after settling, a column 25 inches high. 

A solution of 64 million units of streptomycin hydrochloride (160 g., 
400 units per mg.) in water was brought to pH 5.8 in a final volume 
of 350 cc. The aqueous solution was diluted with 4 volumes of methanol 
before passage over the column. The weight ratio of adsorbent to solute 
was about 30:1. Development wa5 carried out with 80 per cent methanol. 
The filtrate fractions were concentrated in vacuo to remove the alcohol, 
then dried from the frozen state. The results are shown in table 4. 

Table 4* 


Chromatographic Separation of 64 Million Units of Streptomycin 
Hydrochloride (400 units per mg.) over Alumina Column 


Fraction No. 
(300 cc. each) 

Units 

Solids 

g. 

Purity units 
per mg. 

Recovery 
per cent 

10 

4.3 

5.12 


6.7 

11 

20.0 

20.17 

995 

31.2 

12 

• 17.4 

19.85 

879 

27.2 

13 

9.6 

16.00 

600 

15.0 

14 

6.7 

14.10 

475 

10.5 


* From Vander Brook, M. J., A. N. Wick, W. H. De Vries, B. Harris, & G. P. Cartland. 
J. Biol. Chem. 165: 468. 1946. 


^'^Le Rosen, A. L. J. Am. Chem. Soc. 64: 1905. 1942. 
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Figure 6. Chromatogram of streptomycin hydrochloride, 400 
nnits/mg. Solvent: S0% methanol; adsorbent: alumina. (Data 
from Vander Brook et al.^) 


A graphic study of this column is shown in figure 6 . A very high 
concentration of material was used for this chromatogram. The solids in 
the filtrate attained a maximum of nearly 70 mg. per cc., and the filtrate 
activity reached a maximum value of about 67,000 units per cc. In this 
column, as in those previously described, the activity maximum appears 
to be ahead of the solids maximum. However, probably because of the 
high concentration of solute and its fairly high activity, thk is not so 
obvious as in some of the other examples. The passage of active material 
was fairly slow, as judged by the fact that significant amounts of active 
material first appeared in fraction 10. The pH of the solution put onto 
this column was close to 6.0; hence, slow passage and very effective 
purification would be anticipated. In this chromatogram, fractions of 
streptomycin whicJi were very nearly pure were obtained. This example 



246 


ANNALS NEW YORK ACADEMY OF SCIENCES 


is a good illustration of the preparative application of the chromato¬ 
graphic purification of streptomycin. 

The chromatographic purification of strcptothricin concentrates has 
been described by Peck et The results obtained are of interest for 
comparison with the results of the chromatographic purification of strep¬ 
tomycin on alumina and Darco G-60. The procedures used were essen¬ 
tially identical with those described by Kuchl et and were, in fact, the 
basis for the latter method. Table 5 shows the data obtained, and 
FIGURES 7 and 8 give graphic analyses of the data. 


Table 5 

Chromatographic Purification op Strbptothricin Hydrochloride 


Solute 

Adsorbent 

Products 






Wt.of 


Per cent of 


Activity 



Eluate vol. 

fraction 

Activity 

activity 

Wt.g. 

units/mg. 

Wt. g. 

Type 

cc. 

8- 

units/mg. 

recovered 

10.0 

49 

160 

Alumina 

148 

2.30 

20 

4 





30 

0.76 

64 

10 





402 

2.48 

112* 

57 





452 

0.55 

81* 

9 

2.76 

120 

77 

Darco G-60 

70 

0.959 

40* 

13 




filter paper pulp 

42 

0.570 

131* 

23 




(42:35) 

43 

0.381 

186* 

21 




152 

0.431 

233* 

28 


* Averasred values of composite fractions. 


The maxima of solids content (14 and 25 mg. per cc., respectively, for 
Darco G-60 and alumina) and the maxima of activity (about 1800 and 
7000 units per cc., respectively) are in about the same range as those 
described for streptomycin by Kuehl et The concentrates used for 
the chromatograms illustrated in figures 7 and 8 were of rather low 
activity. Comparison with figures 3 and 5, for alumina and Darco 
G-60 carbon, clearly shows that, whereas the activity maximum appears 
before the solids maximum in the case of streptomycin, the opposite is 
true with streptothricin. The evidence indicates that the impurities in 
streptothricin move at a faster rate than the active substance. Since the 
pH of the concentrate solutions of both antibiotics were of about the same 
magnitude, streptothricin appears to be more strongly adsorbed than 
streptomycin. 

Streptomycin and streptothricin are produced under very similar con¬ 
ditions by rdated microorganisms. It is reasonable to assume that, of the 
impurities present in crude concentrates, a considerable amount would 


“Peck, B. L., A. WaW, R. P. Graber, B. H. 
E. Folkera. J. Am. Chem. Soc. 68: 772. 1946. 
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be the same for equivalent concentrates of the two antibiotics. On the 
basis of this assumptionj and from the data compared above, it would 
be anticipated that a mixture of streptomycin and streplothricin could 
be separated chromatographically by the systems described above and that 
the streptomycin would appear firet in the filtrate fractions. 

When it was found that the most active fractions obtained by chroma¬ 
tography of streptomycin hydrochloride in methanol on alumina or Darco 
G-60 were in die first filtrate fractions collected, it was apparent that 
streptomycin was about the least strongly adsorbed component of crude 
concentrates. The conclusion was drawn^® that, by adding portions of 
al umina to a methanolic solution of streptomycin hydrochloride, a sub¬ 
stantial amount of the impurities present would be removed, thus effecting 
an increase in the activity of die streptomycin remaining in solution. 
This proved to be true, although the efficiency of this purification method 
was somewhat less than that of the chromatographic procedure. 

Mueller^® recentiy described a moderately large-scale application of 
this method, employing streptomycin phosphate-hydrochloride in absolute 
methanol. Washed Harshaw alumina (passing 80 mesh) was used as 
adsorbent. Streptomycin preparations of 200-300 units per mg. could be 
increased in activity to any desired degree up to a practical limit of 650 
units per mg. Adsorption isotherms for two crude streptomycin salts were 
determined by Mueller^® for various conditions. Curves showing activi¬ 
ties, together with total recovered solids and activities, permit the yield 
and activity to be predicted for the product of any operation. The 
method is useful where the highest activities are not detired. 

SUMMARY 

The chromatographic purification of streptomycin has been conducted 
with acid-washed alumina and with Darco G-60 carbon as adsorbents 
and with methanol or 80 per cent methanol as developing solvents. 
Concentrations employed varied over a wide range. An example of 
fairly large-scale chromatography of a concentrate has been described. 
Streptomycin appears to pass down chromatographic columns at a rate 
faster than that of most of the other components of the crude concen¬ 
trates used, that is, it was least strongly adsorbed. The rate does, how¬ 
ever, appear to depend somewhat on tixe pH of the solutions employed, 
and is slower at the higher pH values. Batch treatment of methanol 
solutions of streptomycin with alumina removed most of the im purities 
and left the active material in solution in a form readily isolated. 

1® Mueller* G. P. Abstracts of the Chicago Meeting* A. C. S., Sept, 1946; 14B, 



PARTITION CHROMATOGRAPHY 

By A. J. P. Martin 

Boots Pure Drug Company Limited^ Nottingham, England 

Synge,^ in 1938, was preparing the acetyl derivatives of the amino acids 
and showed that there were considerable differences between the partition 
coefficients of many of them between CHCIs and water. He felt that 
these differences could be made the basis of a scheme of separation of 
the more fatty mono-aminomonocarboxylic acids. Martin, some time 
previously, had constructed a counter-current extraction machine for 
vitamin purification. This machine, though at its best it had an effi¬ 
ciency of some 200 theoretical plates, was unsuitable for the chloroform- 
water system needed for the acetyl amino acids. Martin and Synge,'® 
therefore, constructed a different type of machine with an efficiency of 
less than 40 theoretical plates, which was used for the separation of 
certain of the amino acids in a hydrolysate of wool. However, the quan¬ 
tity of 40 theoretical plates was inadequate to obtain clean-cut fractions. 
The mechanical and running difficulties, at the same time, precluded the 
use of a machine of much higher efficiency, and other methods were tried. 

The essential trouble with the machines was that, if the size of the 
drops of the dispersed phase was small enough to permit equilibrium to 
be attained in a reasonable time, then it was difficult to obtain the 
required relative movement of the two phases, i.e., entrainment occurred 
or the settling time was excesdve. 

An attempt was made to overcome this trouble by using a column 
packed with parallel fibers of wool and cotton, with the idea that the 
cotton would wet with the aqueous phase and the wool with the organic 
phase, and that many parallel counter-current streams could be main¬ 
tained in a small tube. Not surprisingly, perhaps, this scheme did not 
work and large areas became the domain of one phase only. 

The idea of obtaining flow in both directions was therefore abandoned, 
and an attempt was made to hold one phase stationary while the other 
was allowed to flow past it. 

Silica gel was chosen to hold water stationary while chloroform flowed 
past it. The silica would hold about half its weight of water without 
apparently becoming wet, and chloroform did not tend to displace the 
water. It was possible, therefore, to make up a “partition chromatogram” 
with silica gel containing water and, using chloroform as the mobile 
phase, to effect a separation between various acetyl amino acids, making 
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use of their difference in partition coefficients between chloroform and 
water. It was, of course, necessary that the silica itself should not adsorb 
too much of the acetyl amino acids and we were fortunate in that, for 
the first experiment, a commercial chloroform was used which contained 
appreciable amounts of ethyl alcohol. In a second experiment using 
purified chloroform, the acetyl amino acids were all held at the top of 
the column, and it was found, later, that some relatively polar compound 
had to be present in the solvent to act as an eluting agent, to prevent the 
silica, as far as possible, from acting as an adsorbent. 

There were, of course, several materials which could have been used 
to hold water in this way. Silica, however, had one particular advantage. 
The acetyl amino acids being quite strong acids, it was feasible to reveal 
what part of the column they occupied by including, in the water in the 
silica, an indicator such as methyl orange. The column then turned to 
red (from yellow or orange) in the regions where the acetyl amino acids 
were present. It was not possible to make this indicator-color change 
satisfactory in any other water-holding substance, the range of the indi¬ 
cator usually being shifted to a lower pH. The question of suitable 
indicators will be discussed below. 

Since the problem of the separation of the acetyl amino acids had been 
approached from the angle of the counter-current extraction machines, 
it was natural to try to compare the respective efficiencies of the machines, 
as well as the partition chromatograms. A theory was therefore 
developed® expressing the efficiency of the chromatogram in terms of the 
number of theoretical plates of an extraction apparatus to which it was 
equivalent. For an average column, it was found to be of the order 
of thousands, this high efficiency being, of course, directly referable to 
the smallness of the distance that the solute had to diffuse to get into and 
out of either phase. It is, therefore, improbable for analytical iDurposes 
that any extraction machine can compete with the partition chromato¬ 
gram, where the latter is suitable. 

To return to indicators. One of the desirable characteristics of an 
indicator is insolubility in the mobile phase. In this respect, methyl 
orange is unsuitable with solvents containing high proportions of alcohol. 
For use with such solvents, Gk)rdon, Martin, and Synge^ introduced the 
use of the anthocyanins, peonin and pelargonin, while Liddell and 
Rydon® used 3:6-naphthalene-azo-N-phenylamine. These indicators, 
particularly the latter which is easily prepared, are satisfactory, being 
washed from the column slowly enough to permit the estimation of the 
required acetyl amino acids. 

The indicator imposes, apart from questions of solubility, some limita¬ 
tion on the solvent systems that can be employed. With methyl orange, 
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chloroform shifts the color towards yellow, and alcohols do so still more. 
Cyclohexane alone does not have much effect and, hence, larger propor¬ 
tions of alcohols have to be used with cyclohexane than with chloroform 
to obtain a usable color of the indicator. In general, alcohols of smaller 
molecular weight have relatively more effect on the color of the indicator 
and less effect on the partition coefficient of the acetyl amino acids than 
do alcohols of larger molecular weight. 

From the theory given by Martin and Synge,® it is easy to show that if; 

A is the area of cross section of the column, 


As is the area of cross section of the non-mobile phase. 

Ax, is the area of cross section of the mobile phase, 

Aj is the area of cross section of the inert solid (As -f- = -4), 

• ^ 1 - ^ • g. solute/1, of non mobile phase 

a is the partition coeffiaent, z.^., , ' ^ ,. -. — 

g. solute/1, of mobile phase 


^ __ movement of position of maximum concentration of solute 
"" simultaneous movement of surface of developing phase in empty 
part of tube above chromatogram column 


then, i? = 


Az, -h a As 


or 


a 


A 

RAs 


At 

As 


The authors found® that, in the case of a particular column, the parti¬ 
tion coefficient deduced from the rate of movement of the bands agreed 
very closely with that determined directly. This was taken to show that, 
under favorable conditions, adsorption could be practically eliminated, 
and that the water in the silica had the same solvent properties as normal 
water. In table 1 are given the partition coefficients found for acetyl- 
proline and acetylphenylalanine, as well as those determined directly in 
the same solvent mixture. Table 2 shows the R values for a number of 
acetyl amino acids and solvents. 


Table 1 




a determined 

a determined 

Acetyl amino acid 

R 

fromiZ 

directly 

Acetylproline 

0.37 

9.4 

95 

Acetylphenylalanine 

1.07 

1.4 

1,3 
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Table 2 

Band Rates of Agetamino Acids with Various Solvents 
Figures are values of R 




Butanol-chloroform 

Propanol-cyclo- 

hexane 

Ethyl 

jL/cvcxupiU5 auiveubo 

1 % 

3 % 

17% 

5 % 

30% 

acetate 

Acetylphenylalanine 

0.5 

0.9 

Fast 

0.3 

Fast 

Fast 

Acetylnorleucine 


0.4 

— 

Fast 

— 

— 

— 

Acetylleucine 1 

Acetylwoleucinc ] 

1 

r 

0.3 

0.6 

Fast 

0.3 

Fast 

Fast 

Acetyltryptophane 


0.3 

0.6 

Fast 


Fast 

•— 

Acetylnorvaline j 
Acetylmethionine J 

1 

0.15 

0.3 

Fast 

H 

Fast 

0.9 

Acctylmethionine 


0.15 

0.3 

Fast 

0.09 

0.7 

0.8 

Acctylproline 


0.15 

0.3 

Fast 

0.04 

0.3 

0.2 

Acetaminobutyric acid 

0.07 

— 

— 

— 

0.3 

0.5 

Acetylalanine 


0.025 

0.04 


0.04 

0.2 

N-Acetyltyrosine 


0.02 


0.7 

— 

0.6 

Fast 

Acetylglycine 
Acetylaspartic acid 


Slow 

Slow 

0.15 

Slow 

0.15 

0.1 

Acetylglutamic acid 

N,N Diacctylcystine 

N,N Diacetyllysine 

Slow 

Slow 

0 . 1 - 0.2 

" 

0.1 


N,Acetylhydroxyproline 

Slow 

Slow 

0.07 

Slow 

0.06 


The results given above have been shown to only one significant figure 
because, unless great care is taken in manufacture of the silica, moisture 
content, and in preparation of the column, the values are not consistent 
to better than this figure. The ratios are, however, much more consistent 
and, if several of the appropriate amino acids are present, there is never 
any difficulty in identifying a given zone; when only one zone is visible, 
it is desirable to confirm the identification by running chromatograms of 
the unknown mixed with an authentic sample of the substance that a 
preliminary run has indicated it to be. The question of the preparation 
of the silica will be taken up again below. 

The procedure in analyzing a protein hydrolysate for the higher mono- 
aminomonocarboxylic acids was as follows: The protein was hydrolyzed 
in a large excess of 6 N HGl, boiling for 24 hours, and the HCl was largely 
removed by repeated distillation in vacuo^ with additions of distilled 
water. The hydrolysate, corresponding to 25 mg. of protein, was then 
acetylated with five successive portions of AcrO and NaOH, the mixture 
being maintained ice-cold and alkaline throughout. It was then made 
strongly alkaline for 10 minutes at room temperature, to hydrolyze any 
O-acetylation that might have occurred. Finally, it was acidified with 
IONH 2 SO 4 and extracted, in a separatory funnel, with 17% 
BuOH-GHCla mixture. (If acids slower moving than alanine are 
required—and this will be only if but one or two such acids arc present— 
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complete extraction, which cannot conveniently be obtained in a separa¬ 
tory funnel, can be obtained by taking up the acetylation mixture in dry 
silica, making it into a column, and extracting with the BuOH-CHCls 
mixture. A 1-cm. layer of water-saturated silica, introduced by Tristram,® 
is required below the main column to prevent any mineral acid from 
being extracted.) 

The BuOH-GHCls solution of acetyl amino acids was evaporated down 
and taken up in one or two ml. of 1% BuOH-CHCls. It was now ready 
to be applied to the column, which was prepared as follows: To 3 grams 
of dry silica in a 100-ml. beaker were added 1.5 ml. of a saturated solution 
of methyl orange, and made homogenous through light grinding with a 
test tube. 1% BuOH-CHClg was added until a cream was produced, 
and this was then poured into the chromatogram tube. When the 
column had settled and drained, no entry of air into the column occurred, 
provided that the lower end of the tube was not allowed to become quite 
dry. Acetyl amino acid solution was then run carefully onto the column 
and allowed to soak in, and followed by three rinsings with similar 
volumes. The top of the column had now changed in color from orange- 
pink to bright red. The column was then developed with 1% BuOH- 
CHCls mixture, and zones of acetylphenylalanine, acetylleucine + 
acetylijoleucine, acetylproline + acetylvaline + acetylmethionine, and 
acetylalanine could be distinguished, with the other acetyl amino acids 
left at the top of the column. The first three of these zones were run 
out and collected separately. The point at which a cut should be made, 
could be determined by estimating, while zones on either side of the 
proposed cut were still visible, the amount of solvent standing above the 
column which should run in, so that the cut be made at the desired R 
value. With 1% BuOH-CHCls, an excessive volume would have been 
required to run out the acetylalanine zone, so a change was made to 
17% BuOH-CHCls. Acctyltyrosine then overtook the acetylalanine, and 
both zones were collected separately. 

After evaporation of the solvent, the fraction containing acetylproline, 
acetylmethionine, and acetylvaline was run on a column using 5% 
PrOH-CoHi 2 . Acetylvaline and acetylmethionine were then collected 
separately, and acetylproline was run out by changing the solvent to 30% 
PrOH-CcHis. It was also found advisable to put the other zones from 
the CHCls column through the cyclohexane column, which separated out 
some non-acetyl amino acid impurities. Finally, after evaporation of the 


N 

solvents, the individual fractions were titrated against Ba(OH )2 


solution, using bromophenol blue as indicator. 

In this way, quantitive analyses of 25 mg. of protein hydrolysate for 
phenylalanine, leucine and woleucine, valine, methionine, proline, 
tyrosine, and alanine were obtained. The order in which the various 
solvents were used may be changed in certain cases (see reference 6). 
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It was found, from analyses of control mixtures of amino acids treated 
exactly as the protein, that results within 5 per cent of true values were 
obtained. It was thus considered desirable always to compare results 
obtained with a given protein with those obtained from a control mixture 
made up to simulate as closely as was possible the protein under investi¬ 
gation. Correction factors, derived from the results of the analysis of 
the control mixture, were then applied to the results of the protein 
analysis, and some further improvement of accuracy probably resulted. 

All the sources of error have not been discovered. It was found that 
results obtained from different acetylations differed more than those 
obtained from the same acetylation, and that much better results could 
be obtained from mixtures of pure acetyl amino acids. Apart from failure 
to attain complete acetylation, there is a possibility of peptide synthesis 
as a consequence of the formation of a mixed anhydride, by reaction 
between acetic anhydride and the carboxyl of the amino acid, or acetyl 
amino acid. 

There is also evidence of the presence, in the acetylated hydrolysate, 
of acids containing less nitrogen than the acetyl amino acids and, pre¬ 
sumably, derived from decomposition products of the protein. 

Tristram® has also found great variation in the recovery of methionine, 
due, probably, to oxidation of the sulphur. A discussion of his results in 
an extensive series of analyses is given in the same paper. 

However, probably the biggest source of error lies in the silica. It has 
not been found possible to devise a method of consistently preparing 
satisfactory silica, though, recently, new methods have been proposed of 
which the author has no experience. The silica may fail cither in that 
the color of the indicator is such that the acetyl amino acid zones are 
unobservable, or in its absorbing the acetyl amino acid with the result 
that a zone of one acetyl amino acid tails into the succeeding zone. Tests 
(Gordon, Martin and Syngc,^ Tristram®) involving separations of test 
mixtures have been proposed for excluding unsatisfactory batches. Dif¬ 
ferent batches of water glass used for the preparations of the silica require 
different methods, and further work on this subject is needed. Isherwood'^ 
believes that many of the troubles are due to the presence of iron and, 
in his method, takes particular pains to remove this. 

The partition chromatogram on silica has been used for the estimation 
of a number of other acids Hanby and Rydon® have converted glutamic 
acid to pyrrolidone carboxylic add by autoclaving at 100° for 4 hours in 
a solution brought to pH 2 with acetic acid. The pyrrolidone carboxylic 
acid can then be run with 17% BuOH-CHCls (Rz=0.3) and overall 
recoveries of more than 95 per cent are obtainable. 

Elsden® has used the method for the smaller fatty adds, taking the 
method for 1 or 5% BuOH-CHCls and bromocrcsol green as an indi¬ 
cator. The adds are titrated using a G02-stirred emulsion. Table 3 
shows the recoveries he has obtained. 
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Table 3 



Total acid 

Butyric acid 

Propionic acid 

Acetic acid 


(ml) 

(ml) 

(ml) 

(ml) 

Theoietical 

28.93 

9.31 

9.58 

10.04 

Observed 

28.86 ± 0.35 

9.4 ± 0.18 

9.52 ± 0.26 

9.93 ± 0.31 


Patterson^® has also used the silica partition for the separation of fatty 
acidsj with satisfactory results. Sanger^^ has used silica columns with a 
variety of solvents for the separation of dinitro phenyl derivatives of amino 
acids. There is reason to believe^ however, that, in his case, adsorption 
on the silica was playing a more important role than partition between the 
solvents and water. When silica sriitable for use with the acetyl amino 
acids is employed, the R values are all much higher than those quoted by 
Sanger, and no useful separations are obtained. This is inexplicable if 
partition is the dominating phenomenon. Isherwood*^ has used the parti¬ 
tion chromatogram on silica for the separation of a number of hydroxy 
acids from fruits. He has found it desirable to work with dilute sulphuric 
acid on the silica and, hence, cannot use an indicator in the column. He 
has found, however, that it is possible to run the effluent from the column 
down a short capillary tube with a slow stream of dilute alkali containing 
an indicator. The color of the indicator as it emerges from the capillary 
shows whether acid is running from the column. This method is poten¬ 
tially of very wide application, and its use with the acetyl amino acid 
separations might well avoid several of the snags associated with the use 
of silica. The accuracy of Isherwood’s analyses for hydroxy amino acids 
is comparable with those of the acetyl amino acids. 

Partition chromatograms have also, of course, been widely used for the 
separation and purification of the various penicillins. A buffer is used 
in the silica in place of water, and various solvents and buffers have been 
used. Most of the literature on this is not as yet published (see reference 
12 ). 

PARTITION CHROMATOGRAPHY ON PAPER AND STARCH 

Gordon, Martin, and Synge^® were not able to separate the slower 
moving acetyl amino acids on silica and turned to the problem of the 
separation of the amino acids on partition columns. Following Dakin’s 
work, and also that of England and Cohn, the first solvent tried was, of 
course, butyl alcohol. However, the silica was found to adsorb the amino 
acids too strongly, particularly those of higher molecular weight. 

Of course, no in^cator could be used for the amino acids and, hence, 
one of the chief reasons for preferring silica to other substances for holding 
the water was no longer valid. 

The first choice among other possible materials was cellulose. Using 
a semicircle of filter paper as in the well-known technique of capillary 
analysis^^, but ensuring that the cellulose was saturated with water by 
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carrying out the experiment in a closed box whose atmosphere was kept 
saturated with water vapor, it was found readily possible to separate vari¬ 
ous mixtures of amino acids, and the separation could be revealed after 
drying the paper by spraying with a solution of 0.1 per cent ninhydrin in 
BuOH and heating. The amino acids were then shown up as colored 
rings. Later, it was found more convenient to use strips of paper hanging 
from a trough containing the solvent saturated with water, the whole 
being enclosed in a vessel, the air within which was saturated with respect 
to both solvent and water. This work was continued by Consden, Gordon, 
and Martin.^® 

It was found, in the case of BuOH as solvent, that the rate of movement 
of the amino acid could be predicted from the amounts of water and 
solvent on the paper, and from the partition coefficient of the amino acid. 

The relation of the partition coefficient to the rate of movement of 
the band may be calculated by the method of Martin and Synge.® 

A =:cross-sectional area of paper+water+solvent, 

Al =cross-sectional area of solvent phase, 

As =cross-sectional area of water phase, 

. . _ . concentration in water phase 

a =partition coeflacient, =-—:- z -:—r—» 

^ concentration in solvent phase 

Al + o^As 

However, R is not conveniently measurable in paper chromatograms, 
so that a new symbol, Rp was introduced: 

P __ movement of band _ RAl _ Al 

^ movement of advancing front of liquid A ^ Al + oAs 


or a = 


Al _ A^ _ _ 1 

R^As As As Rs> 


Al/A s is equal to the ratio of the volumes of solvent and water phase 
in the chromatogram. 


Table 4 


Partition Coefficients Calculated from Rf Values 


No. of run 

Per cent water in paper 
Al/Ab 

1 

28.7 

3.25 

2 

18.0 

4.56 

3 

22.6 

3.70 

4 

17.7 

2.93 

i 

Direct 

measurements 
(England & 
Cohn*) 

Amino acid 

Partition coefficients 

Glycine 

70.4 

70.4 

70.4 

70.4 

70.4 

Alanine 

35.9 

39.9 

43.7 

36.6 

42.3 

Valine 

12.2 

14.1 

14.8 

12.5 

13.8 

Norvaline 

8.7 

10.8 

10.5 

9.2 

9.5 

Leucine 

4.5 

5.4 

5.6 

6.0 

5.5 

Norleucine 

3.5 

4.2 

4.4 

4.6 

3.2 


* J. Am. Chem. Soc. 57: 634. 1935. 
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Assuming a given water content of the paper^ A^fAs may be deduced 
from the ratio of weight of dry paper to that of the developed 
chromatogram. 

The water content of the paper is apt to vary from experiment to 
experiment and is difficult to measure in the presence of w-butanol or 
another solvent. Table 4 shows the partition coefficient calculated from 
the Rf and Al/Aq values for four separate runs under slightly different 
conditions. The water content has been assumed so that the partition 
coefficient for glycine is equal to that given by England and Cohn (1935), 
The last colunm gives the direct measurements of England and Cohn. 

The water content of saturated cellulose according to the International 
Critical Tables, is 22 per cent on a dry-weight basis. 

Table 5 shows a number of Rf values for various amino acids and the 
most commonly used solvents. Some additions have been made in some 
solvents, e.g., cupron, HCN, and coal gas. These were to overcome a 
puzzling and imexpected difficulty. In many of the early chromatograms 
run with phenol, butyl alcohol, and benzylalcohol, a purple spot showing 
the amino acid was preceded by a pink “beard** of rather faster-running 
material, and, in general, it was found that the further the amino add 
had run, the larger was the pink spot and the smaller the purple one. 
Thus, by the time leucine had run to the bottom of the sheet, it might be 
almost completely converted to a rather ill-dejSned pink streak. This was 
found to be due to the combination of the amino acid with copper which 
was in the paper, the copper complex having a higher Rf value than the 
corresponding amino add. This trouble could be overcome by including 
in the atmosphere or solvent some substance that would form a more stable 
complex wiffi the copper than the amino acid copper complex. It was 
found later^® that, in the case of cysteic add, zinc dso formed a complex, 
though this was slower-running than the amino add. 

In TABLE 5, it will be noticed that the Rf values in collidine of an 
amino add and the corresponding hydroxy amino add are very similar, 
whereas the Rf values in phenol are considerably depressed by the addi¬ 
tion of a hydroxyl group to the molecule. This indicates that little energy 
is required to transfer a hydroxyl group from water to collidine, but rela¬ 
tively much from water to phenol. A comparison of aromatic and 
aliphatic amino adds in butanol and benzyl alcohol shows similar differ¬ 
ences. The effect of including NHg in the atmosphere on the Rf values 
of the basic and addic amino adds also follows the expected pattern. It 
is hoped that, as further experience with different solutes and solvents is 
obtained and information about energies of assodation of various groups 
increases, a rational approach will make it possible to select the most 
effective solvent for a given separation. It may be that the partition 
chromatogram will, in this way, prove to be more predictable and even 
more versatile than the adsorption chromatogram. 

It will be seen in table 5 that the order of the various adds changes 
in different solvents. This suggested the possibility of further useful 
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separation by two runs at right angles with different solvents^ thus pro¬ 
ducing a two-dimensional chromatogram. 

A sheet of filter paper (Whatman No. 4) 18 by 22^' is taken and near 
one corner a drop of protein hydrolysate is placed. The sheet is then hung 
from the trough and run with j-collidine. After a sufficient length of time 
(12 to 36 hours, depending on kind of paper and solvent), the paper is 
dried, turned through a right angle, and again run with phenol (in an. 
atmosphere of coal gas with some NHg present). It is again dried, 
sprayed with ninhydrin solution and heated. Colored spots appear, show¬ 
ing the positions of the various amino acids. With the pair of solvents 
mentioned, cystine, cystcic acid, aspartic acid, glutamic acid, serine, 
glycine, threonine, alanine, hydroxy proline, proline, hydroxylysine, lysine, 
arginine, histidine, valine, and tyrosine appear as separate spots, while 
wolcucinc, leucine, methionine, and phenylalanine and tryptophane fall 
together in an elongated spot. By using benzyl alcohol and butyl alcohol 
as the two solvents, those acids which arc not separated by the collidine 
phenol chromatogram can be separated, though other amino acids will 
not then be resolved. The amount of protein hydrolysate required for 
one such two-dimensional chromatogram is about 300 micrograms. The 
amount of an individual amino acid that can be seen is 1 to 2 micrograms, 
and on a one-dimensional strip, half a microgram can, under favorable 
circumstances, be observed. One of these two-dimensional chromato¬ 
grams is illustrated and interpreted in figure 1. 

In many instances, of course, the small quantity required for an analysis 
is a great advantage. Thus, it is possible to get much information from 
small amounts of valuable products, and to control fractionations by other 
methods, while using negligible aliquots. It is obvious that this method 
can be used in testing for other amino acids in allegedly pure amino acids. 

The method is well adapted to any analysis for amino acids in which 
qualitative information is all that is required. Thus, Consden, Gordon, 
Martin, Rosenheim, and Synge^® examined the samples of Thudichum’s 
“glycolcucine*’ which had been isolated by him in 1880 from brain tissue 
and whose nature was uncertain, but which had come in many quarters 
to be regarded as norleucine. Running comparative chromatograms of 
glycolcucinc, norlcucine, leucine, and various mixtures of these, it was 
rapidly ascertained that glycoleucine was leucine. Other methods con- 
fiimed this and showed it to be d/-leucinc (since it was from a baryta 
hydrolysate, this was, of course, only to be expected in the light of knowl¬ 
edge not available in 1880). A search was then made for norleucine in 
hydrolyzed spinal cord, by the method of running the hydrolysate alone, 
norleucine alone, and mixtures of the two, using benzyl alcohol as the 
solvent. It was shown that not more than .03 per cent of the nitrogen 
could be present as norleucine, since when 54 microgram of worleucine 
was added to 1.2 mg. of hydrolysate it could be clearly recognized, but 
none could be detected in the hydrolysate alone. 
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Figure 1. Two-dimensional chromatoffrara of a wool hydrolysate (180 jttpr.) on Whatman 
No. 1 sheet. Hydrolysate applied at circle. Bnn with collidine for 8 dasrs in direction AB, 
then in direction AC with phenol for 27 hours in an atmosphere of coal gas and NHs (pro¬ 
duced from a 0.8 per cent NHs solution). The filter employed in photogiaphmg ren<lers the 
yellow praline spot scarcely visible. (From Biochem, J. 38, Plate 1, opp. p. 226. 1944.) 
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The paper partition chromatogram has been applied by Dent^*^ to an 
extensive investigation of pathological urine, particularly in Fanconi’s 
syndrome. The method has also been used by Edman^^ for the investiga¬ 
tion of hypertension. 

Partridge^® has adapted the method to the investigation of the reducing 
carbohydrates. The same solvents that are useful for the amino acids are, 
surprisingly, useful also for the sugars. Instead of ninhydrin, Partridge 
sprays the paper with ammoniacal silver nitrate. The unreduced silver 
is then washed away, and a brown stain is left where the carbohydrate 
had been. Ghargaff^® has applied the method to the analysis of nucleo¬ 
tides, and Fink^^^ to the separation of fatty acids after conversion to the 
corresponding hydroxamic acids. 

Elsden and Synge suggested the use of potato starch for the separation 
of amino acids. In view of the development of this method by Moore 
and Stein, described in this publication, it is inappropriate to give details 
of this work. Synge^® has also used it for the fractionation of partial 
hydrolysis mixture of gramacidin. 

A review with color photographs of column, and paper strip and sheet 
chromatograms has recently been published^ and the literature to 1944 
has been reviewed.®® 

IDENTIFICATION OF SIMPLE PEPTIDES 

Consden, Gordon, and Martin®^ found that simple peptides will, in 
general, run on the chromatogram as satisfactorily as amino adds. How¬ 
ever, both because of their large number and also because the Rp values 
are much more sensitive to slight changes in solvents, etc., it was not 
practicable to identify them by their Rp values alone. The authors 
therefore developed the technique of washing them off the chromatogram 
and hydrolyzing, and deaminating and hydrolyzing them, and then iden¬ 
tifying the products on other chromatograms. 

If the mixture was initially somewhat complex, duplicate two-dimen¬ 
sional chromatograms were run and one of these was treated with nin¬ 
hydrin in the usual way. This reveals the full picture. The other was 
treated with about one-tenth the usual amoimt of ninhydrin, a quantity 
insuffident to destroy more than a small fraction of the peptide but 
enough to give an indication of the position of the stronger spots. The 
positions of the weaker spots shown on the normally treated sheet could 
usually be interpolated from the stronger spots. The pieces were cut out 
in this form Ws and the flat end was applied to wet filter paper over¬ 
hanging a water-filled trough. To the dependent point of the piece cut 
from the chromatogram, a capillary tube was adjusted. In the course of 
about an hour, 50-100 microliters ran into the capillary and this was 
found to be sufficient to wash about 10 cm.® of paper. 

The liquid in the capillary was then transferred to a strip of polythene 
on which it formed a drop with no tendency to spread. The water was 
removed in a vacuum desiccator and a drop of 6N HCl added, the HCl 
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solution was taken back into the capillary^ the ends sealed, and put in 
an oven at 100°G overnight for hydrolysis. After removal of the HCl 
in the desiccator, again on a polythene strip, the amino acids were trans¬ 
ferred to a paper chromatogram with water. If the peptide was to be 
deaminated, this was done by exposing it in 6N HGl on polythene to 
nitious fumes. 

Using this technique, Consden, Gordon, Martin, and Synge-^ studied 
the partial HCl hydrolysis products of gramicidin S. This has been shown 
by Synge^^ to consist of equimolecular proportions of the five amino acids, 
valine, ornithine, leucine, phenylalanine, and proline, and to be a cyclo¬ 
peptide since there was only one free amino group and no free carboxyl 
gioup. The free amino group was shown by Sanger^^ to be the side 
chain amino of the ornithine. Among the partial hydrolysis products 
'were identified valylomithine, ornithyl leucine, leucyl phenylalanine, 
phenylalanyl proline, and two tiipeptides (not rigorously identified) 
phenylalanyl prolylvaline, and valyornithyl leucine. 

Control chromatograms made up with the five amino acids and syn¬ 
thetic valylomithine, omithyl leucine, leucyl phenylalanine, phenylalanyl 
proline, and prolyl valine gave a picture expected from that of the partial 
hydrolysis mixture, with the addition of the prolyl valine spot, and the 
synthetic mixture added to the partial hydrolysate showed only the ex¬ 
pected number of spots. Prolyl valine proved to be more readily hydroly¬ 
zable than the other peptides, but this may not be the full explanation of 
the failure to observe it. These findings togctlier with x-ray data from 
Dr. Cro^vfoot, consistent with Gramicidin-i' being either a cyclopcnta- 
peptide or a cyclodecapcptide with a center of symmetry, show that the 
molecule consists of the amino acids, valine, ornithine, leucine, phenyl¬ 
alanine, and proline, united in that sequence once, or twice repeated, 
in a ling. 

Consden, Gordon, and Martin^®'^® have examined hydrolysates of wool 
in a similar manner. The mixture was so complicated that little could be 
done unless separation by other means preceded chromatography. They 
therefore used ionophorcsis as a first step and examined the fractions thus 
obtained chromatographically. Confirmation of their findings has to 
await synthesis of the many peptides encountered. Of particular interest, 
however, is the finding of several peptides of two united polar amino acids, 
and of two united non-polar amino acids, in contradiction to Astbury’s 
hypothesis of the structure of keratin. 

QUAPfnXATIVE ANALYSIS OF AMINO AQDS BY 
PAPER CHROMATOGRAPHY 

Martin and Mittelmann^*^ attempted, by several methods, to render the 
paper chromatograms quantitative. The great stumbling block is, of 
course, the small quantities that can be handled, and presence on the 
paper of not negligible quantities of soluble materials other than the 
amino acids. 
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The method they found most promising was a modification of Pope 
and Stevens’s method of forming the copper complex of the amino acid 
and then estimating the copper in this. So far, only simple mixtures of 
amino acids have been analyzed which could be separated in a one- 
dimensional chiomalogram. The technique was as follows: On a wide 
sheet of paper, well-separated spots of a control mixture and the mixture 
to be analyzed were alternately placed and the chromatogram developed. 
The chromatograms at cither edge of the sheet were cut off and developed 
with ninhydiin, and then used as guides for cutting up the rest of the 
sheet. The pieces containing the separated amino acids were then, after 
cutting into small pieces, stood in a suspension of copper phosphate in a 
borax phosphate mixture, in centrifuge tubes. After standing overnight 
in an icebox, the copper phosphate and paper were centrifuged down 
and the copper in the supernatant liquid estimated by the polargraph, 
after the addition of sodium sulphite. The amounts of the control mix¬ 
ture put on the paper were graded so that the best straight line could be 
drawn, on a graph showing current/concentration for each amino acid. 
From these giaphs, the amounts present in the unknown could be inferred. 

So far, the only natural product analyzed has been gcrmicidin-.?. Synge 
has shown this to contain equimolccular proportions of the five amino 
acids. The amounts found by Martin and Mittelmann are shown in 
TVBLE 6, Though the accuracy of these results is less than that obtainable 


Table 6 




Amount in each spot 

Amino acid 

Solvent 

lO-'^mols. 

Valine I 


r 1.65 

Proline j- 

.S-Collidinc 

\ 1.62 

Ornithine J 


[ 1.55 

Leucine ) 

Phenylalanine ] 

Benjylalcohol 

1 53 

A7?iou?it expected on Syn^e' 

s formula: 1 64 X 10~^ mols. 1.67 


by the silica method using acetyl amino acids, and less also than that 
obtained by the best of the microbiological methods, less than one milli¬ 
gram of mateiial was consumed in the whole analysis. Work on this 
method is at present interrupted, and it is too oaily, as yet, to d( c ide upon 
its final usefulness. 
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PARTITION CHROMATOGRAPHY OF AMINO ACIDS 

ON STARCH 

By Stanford Moore and William H. Stein 
The Rockefeller Institute for Medical Research^ New York, N. Y, 

In the preceding paper of this conference, Dr. A. J. P. Martin^ has 
described the investigations carried out in England which have led to the 
development of the technique known as partition chromatography. Our 
own experiments in this field resulted from an interest in the isolation and 
identification of amino adds and peptides in biological material. The 
recently developed prindples of partition chromatography appeared to 
offer marked potentialities for this type of problem. 

In considering the form of partition chromatogram most suitable for 
isolation work with amino adds and peptides, we were impressed by the 
demonstration, by Elsden and Synge,^* ® ffiat raw potato starch was a satis¬ 
factory supporting medium for the aqueous phase. As the authors showed, 
starch columns possess the advantage that they can be applied directly to 
the fractionation of mixtures of free amino adds and peptides. The 
preliminary acetylation procedure required in the case of the silica gel 
columns, with its attendant drawbacks, is thus avoided. The same advan¬ 
tages indicated for starch hold also for the paper strip chromatogram.'* 
Paper strips, however, handle only microgram quantities of material, 
whereas columns handle milligram quantities. From a column, therefore, 
suflScient material may be obtained to permit further investigation by 
conventional microchcmical techniques. 

In 1944, Synge® employed starch columns in experiments with hydroly¬ 
sates of gramiddin. n-Butanol-water was used as the solvent system. The 
use of free amino acids and peptides, a major proportion of which are 
neutral substances, meant that visualization of the separation process as it 
occurred on the column could not be effected by means of a pH indicator, 
as it could be in the case of the fractionation of the acetylated amino adds 
on silica gel columns. The positions of amino adds after development of 
the starch column with butanol could be ascertained, however, by passing 
through a solution of ninhydrin in ether. From the positions of the result¬ 
ing blue bands, the rates of movement of the amino adds on the column 
could be determined. For the fractionation of the unknown constituents 
of a partial hydrolysate of gramiddin, Synge collected the effluent in a 
series of fractions and tested each one qu^tativcly with ninhydrin paper. 
The volume of each fraction was adjusted in order to collect substances 
within a given range of distribution coeffidents. On working up the 
fractions individually, several of the components of the partial hydrolysate 
were isolated and identified. 
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In adapting the starch column to our problems, we have made two 
additions to this procedure. Instead of collecting the effluent from the 
chromatogram in large fractions, the effluent has been divided into a 
regular series of very small fractions of known volume. These fractions 
have been analyzed quantitatively rather than qualitatively. The data 
thus obtained permit the construction of effluent concentration curves 
which reveal the detailed behavior and the full resolving power of the 
column. 

A typical effluent concentration curve, showing the separation of 
phenylalanine, leucine, and isoleucine is illustrated in figure 1. The 
advantages to be gained from employing precise curves of this type to 
visualize the results, have been well demonstrated in the counter-current 
distribution studies of Dr. Lyman G. Craig.®*®'It is a pleasure to 
acknowledge many helpful and encouraging discussions with Dr Craig 
on the subject of these experiments. 

In the experiment referred to in figure 1, the solvent was 1:1 
72-butanol:benzyl alcohol nearly saturated with water. The effluent was 
collected in 1-cc. fractions. The amino acid concentration is expressed in 
millimoles per liter. The manual collection of 1-cc. fractions is obviously 
too tedious an occupation. The performance of a large number of experi¬ 
ments of this type became a practical laboratory procedure only after the 
construction of a fully automatic fraction collector,® which is illustrated 
in FIGURE 2. The column, with a solvent reservoir, is mounted over a 
circular rack containing eighty test tubes. The sample of amino acids, or 
amino acid hydrochlorides, dissolved in one or two cc. of the organic 
phase, has been added previously to the top of the column, drained into 
the starch, and the reseivoir filled with solvent. Columns of the size shown 


Solvent System 1 1 n-Butanol-Benayl Alcohol 
Cohimn Height 22 b cm 



Fiourd 1. Separation of phenylalanine, leucine, and isoltucine. 
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Figusb 2 * Attlomaiic fraction collector for chroznatograpliic analysis. 
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in FIGURE 2, about 2 cm. in diameter, are operated at a flow rate of about 
5 cc. per hour, maintained either by gravity or by slight air pressure. As 
each drop emerges from the column, it intercepts a light beam focused on 
a photocell. The drops registered by the photocell arc counted by an auto¬ 
matic-reset impulse counter. After a preset number of drops, correspond¬ 
ing to any desired volume from one drop to about 20 cc., the impulse 
counter resets itself to zero and closes the switch on a motor. The motor 
moves the rack 1/80 of a turn, bringing a new receiver under the column. 
The entire operation then starts over. A small funnel with a capillary tip 
blocks the mouth of each receiver, thus preventing evaporation. In prac¬ 
tice, an individual experiment may run from 48 to 72 hours. The fraction 
collector permits day and night operation. 

The next step involves the analysis of the numerous fractions collected. 
For this purpose, a quantitative colorimetric ninhydrin method has been 
developed.® Prior to quantitative analysis, however, the fractions are 
spot-tested on paper impregnated with ninhydrin. On the basis of the 
spot tests, the appropriate fractions can be chosen for quantitative analysis. 
For the determinations, small aliquots of the eflSuent fractions arc pipetted 
into colorimeter tubes. A pipetting machine delivers, in the proper 
amount, the reagent which is stored under nitrogen in a reservoir attached 
to the machine. The colorimeter tubes are heated for 20 minutes in a 
boiling water bath, diluted to volume with a second pipetting machine, 
and read on a spectrophotometer. With this procedure, five hundred to 
one thousand analyses per week can be run conveniently by one individual. 

The modified ninhydrin method gives reproducible results with most 
of the amino acids and with many peptides possessing a free a-amino 
group. The principal disadvantage of the method is that the amino acids 
do not all give the same intensity of color per mole* To the extent that 
the chromatogram accomplishes separation of the individual amino acids 
from one another, the colorimetric method is capable of yielding quantita¬ 
tive values for any given amino acid. 

Another disadvantage of the ninhydrin method is that it determines 
only compounds possessing amino groups. Continuous recording rcfrac- 
tometry would have more general applicability. The sensitivity of the 
colorimetric ninhydrin method, however, which is 1 ppm. of amino acid 
in aqueous or alcoholic solution, is about 150 times that of refractometric 
measurements with an accuracy of 2 x 10“^ nj). The combination of 
simplicity and sensitivity in the analytical method has been of importance 
m die experiments with partition chromatograms. Although the starch 
columns can handle milligram quantities, initially in fairly concentrated 
solution, the concentrations of components in the efiluent progressively 
decrease as the fractionation process is extended to larger effluent volumes. 

In returning to a consideration of figure 1, it will be noted that, for 
cases where the procedure has been well worked out, the integration of 
the curves gives quantitative recovery for the components. Before a curve 
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as satisfactory as this one could be obtained, many variables had to be 
brought under control. An early experiment with the same three amino 
acids and the same solvent system is shown in figure 3. The irregularity 


Solvent Syistem: X'-X A-Sutand-Benzyl Alcohol 
Coluinn Height 15 cm. 



Fiourb 8. Results on an unsatisfactory oolumn. 


and poor resolution in this case may be ascribed to several causes, among 
which are poor packing of the column, too rapid a flow rate, and sus¬ 
pended water droplets in the organic solvent. 


Solvent System 11 n-Butanol Ssnzyl Alcohol 
Column Height 82 5 cm 



A difflculty which bothered us for some time is illustrated in figure 4. 
The first band, phenylalanine in this case, exhibits an anomalous behavior. 
There is a long segment of the band running 20 cc. ahead of the peak. 
The second and third peaks are symmetrical. If an aliphatic amine or 
8-hydroxyquinoline is allowed to run through the column ahead of the 
first amino add band, the effect can be eliminated. Both of these sub¬ 
stances are capable of forming complexes with metals. The use of 







Amino acid cone. 
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8-hydroxyqumoline has proved to be essential for the procurement of 
satisfactory results with all of the amino acid bands, when samples of 
starch are used containing significantly higher traces of inorganic impuri¬ 
ties than the starch used in this experiment. 

It is possible that the anomaly is similar to that noted by Gonsden, 
Gordon, and Martin with the paper-strip chromatogramj and ascribed to 
the presence of traces of copper.^ Gupron, which abolished the effect 
with paper, is, however, ineffective on the starch column. 

The behavior of the faster-moving amino acids in three solvent systems 
is given in figure 5. The solvents are butanol-water, butanol-0.5N HGl, 



Solvent System: n-Butanol-Watei* 
Column Height: 30.6 cm. 


Kethioninei 



Valine 


ryiwftine 
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Figubb 5. Separation of phenylalanine, leucine, isolcucinc, methionine, valine, anti tyrosine. 


and 1:1 butanol;benzyl alcohol-water. In the first curve, which repre¬ 
sents an early experiment with butanol-water, the shoulder on the leucine 
peak is the result of the effect of metals mentioned above. In the second 
curve, illustrating an experiment in which butanol-0.5N HGl is the solvent 
system, the sequence of the amino add bands is altered. In this instance, 
the amino add hydrochlorides are fractionated. In reference to the third 
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curve, as found by Consden, Gordon, and Martin on paper strips, the use 
of 1:1 butanol :ben 2 yl alcohol serves to increase the band rates of the 
aromatic amino acids relative to the rates of the aliphatic ones. Thus, 
phenylalanine moves ahead of leucine and isoleucine, and tyrosine emerges 
ahead of valine. A more complete resolution of these three amino acids 
is attained in the butanol:benzyl alcohol system than in other solvent 
mixtures which have been studied. The recoveries of methionine, how¬ 
ever, run low in butanol: benzyl alcohol experiments. Oxidation of the 
methionine sulfur by traces of impurities in the benzyl alcohol is believed 
to be responsible for the low yields. Satisfactory recoveries are obtained 
with methionine in plain butanol. It should be mentioned that trypto¬ 
phane, if present, would emerge near the phenylalanine band in all three 
solvents, and would show up in the valley between phenylalanine and 
leucine in butanol:benzyl alcohol. These amino acids can be separated 
from one another by re-chromatographing the mixture on a separate 
colunm, as will be mentioned later. In acid hydrolysates of proteins, the 
problem does not arise, since tryptophane is decomposed during the 
hydrolytic process. 

Before discussing the amino acids which appear later in the amino acid 
“spectrum,” some of the fundamental theoretical points raised by the 
results shown in figure 5 merit consideration. In its original formula¬ 
tion, “partition chromatography” was conceived to be a technique which 
permitted counter-current liquid-liquid extraction to be carried out as a 
simple column filtration with one of the phases immobilized on an inert 
support. The data in table 1 serve to indicate the extent to which this 
conception of the operation of the column agrees with the experimental 
facts. In this table, the distribution coefficients of several amino acids 
arc compared with their rates of movement on starch columns. In the 
first section of the table, the distribution coefficients of the amino acids 
in butanol-water as determined in the separatory funnel are listed in 
decreasing order.^ The distribution coefficients from the rates of move¬ 
ment of the amino acids on the column have been calculated in each case 
by the method of Martin and Syngc,^® The equations employed in these 
calculations were derived on the assumption that the amino acids arc 
being separated by a liquid-liquid distribution process. For leucine, 
isoleucine, and valine the distribution coefficients calculated from the 
column arc somewhat higher than those found in the separatory funnel, 
but the relative distribution coefficients are similar in the two cases. These 
data support those reported by Synge,® who found that the distribution 
coefficients of leucine, valine, and alanine, calculated from starch columns, 
agreed fairly well with the values determined by England and Cohn^^ by 
the separatory funnel technique. For the simple aliphatic monoamino 
acids, therefore, with butanol as the solvent, the agreement between 
experiment and theory would make it appear that starch is serving as a 
relatively inert support for the aqueous phase. 
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Table 1 

Comparison of Distribution Coefficients of Several Amino Acids with 
Their Rates of Movement on Starch Columns 


Solvent System: n-Butanol-Water 


Amino Acid 

Trypto¬ 

phane 

Phenyl¬ 

alanine 

Leucine 

Iso- 

leudne 

Tyro¬ 

sine 

Methio¬ 

nine 

Valine 

Distribution coefficient 
in separatory fun¬ 
nel^ 

0.56 

0.240 

0.181 

0.132 

0.117 

0.091 

0.056 

Distribution coefficient 
calculated from the 
column t 

ca. 0.22 

0.20 

0.22 

0.18 

0.080 

0.096 

0.086 

Order of emergence 
from the column 

2 

3 

1 

4 

7 

5 

6 

Order of band rates 
on paper % 

4 

1 

2 

3 

5 

6 

7 

Solvent System: ] 

[: 1 n-Butanol: Benzyl Alcohol-Water 


Amino Add 

Trypto¬ 

phane 

Phenyl¬ 

alanine 

Leucine 

Tyro¬ 

sine 

Iso¬ 

leucine 

Methio¬ 

nine 

Valine 

Distribution coefficient 
in separatory fun¬ 
nel* 

0.60 

0.270 

0.123 

0.104 

0.097 

0.082 

0.044 

Distribution coefficient 
calculated from tjie 
column t 

0.20 

0.21 

0.18 

0.072 

0.15 

0.094 

0.068 

Order of emergence 
from the column 

2 

1 

3 

6 

4 

5 

7 

Order of band rates 
on paper % 

3 

1 

2 

6 

4 

5 

7 


•Distribution coefficient = ,e°ne. in non-ngucou, phase 

cone, in aqueoua phase 
acid solutions at 25 Accuracy ca. db 2%^. 
t Calculated by the method of Martin & Synare^o. 
it; From data of Consden, Gordon, & Martin*. 


, determinwl with 0.01 M amino 


However, when the distribution coefficients in butanol-watcr of all of 
the amino adds given in table 1 are determined, a number of deviations 
from the theory become apparent. If the starch column were operating 
as a true liquid-liquid distribution system, the amino adds should, in each 
case, emerge in the order of the distribution coeffidents as listed in 
decreasing order. The actual orders of emeigence are those shown in 
FIGURE 5 and listed in the table. The scrambling of the order results 
from the behavior of phenylalanine, tryptophane, and tyrosine, which do 
not travel on the column at the rate which would be predicted from the 
distribution coeffidents. Tryptophane should be as far ahead of phenyl- 
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alanine as isoleucine is ahead of valine; actually, it is behind leucine. 
Phenylalanine should be well ahead of leucine, instead of behind it, and 
tyrosine should be between isoleucine and methionine, whereas, actually, 
it emerges last. Furthermore, the effect upon the aromatic 2 anino aci^ 
is not peculiar to starch. As may be seen from the data of Consden, 
Gordon, and Martin, listed in table 1, similar anomalies are noted with 
cellulose in the paper-strip chromatogram. Tryptophane, for example, is 
markedly out of order in this instance. 

The data for 1:1 butanol:benzyl alcohol are given in the second sec¬ 
tion of TABLE 1. In the case of the paper-strip chromatogram, the devia¬ 
tions from the expected order are more marked than is the case in butanol. 
The same type of deviation from theory has also been demonstrated for 
the butanol-0.5N HGl system, for which the orders of emergence are 
given in figure 5. 

The conclusion to be derived from these data is unequivocal, namely, 
that starch does not serve merely as an inert support for the aqueous phase. 

In this connection, the following simple experiments have been carried 
out in which no organic solvent whatever has been employed. An 
aqueous solution of glycine and alanine has been passed through a 
column composed of only starch and water (figure 6). The separation 


Solvent System: Watei? 
Column Height: 30 cm. 



Figurb 6. Separation of glycine and alanine on a wate3>starch column. 


is quantitative. The experiment has been repeated with leucine, phenyl¬ 
alanine, and tryptophane (figure 7). Again, with no organic solvent 
present, complete separation is obtained. That this effect is not pH- 
sensitive, is demonstrated by the dotted curve in the figure. This second 
curve was obtained by fractionating the hydrochlorides of the amino acids 
on a column made up with starch and aqueous O.IN hydrochloric acid. 




274 


ANNALS NEW YORK ACADEMY OF SCIENCES 


Solvent Syateme: "Water* and Aoueoua 0.1N HCl 
Column H€»ight'- 15 cm. 



X{“fluent cc. No»l^^ondlW 

FiouBB 7. Separation of leucine, phenylalanine, and tryptophane. 

In this instance, the fractionation can be a useful one for separating 
tryptophane from phenylalanine and leucine, which, as was mentioned 
earlier, is a separation difficult to accomplish with organic solvents. Thus, 
some of the experiments which were run primarily for their theoretical 
interest led to the realization that useful results with amino acids may be 
obtained on starch columns using water-miscible solvents. This point will 
come up again in the discussion of the chromatography of the basic amino 
acids. There are indications from the work of Consden, Gordon, and 
Martin that amino acids can also be fractionated on paper strips with 
the aid of solvents miscible with water 

From the foregoing, it would appear that the starch column possesses 
properties characteristic of both an adsorption chromatogram and a parti¬ 
tion chromatogram. In view of the known adsorptive properties of the 
starch granule,this is not an unexpected finding. The data indicate 
clearly that further work is necessary in order to elucidate the role of 
adsorption in the performance of both the starch and the cellulose 
chromatograms. 

Two further points which bear upon the theoretical interpretation 
warrant mention. The first point concerns the symmetry of the effluent 
concentration curves. The symmetry is indicative of a fairly linear 
isotherm, irrespective of the definition of the process by which the frac¬ 
tionation is attained. The second point of importance is the reproduci¬ 
bility of the absolute position in the “spectrum” of a given amino acid 
band When butanol-benzyl alcohol is employed as the solvent, the 
amino acid valine, for example, in the presence of twenty other com¬ 
ponents, emerges at the same position as it does when it is the only amino 
acid on the column. The same holds true for all the other amino acids 
which have been tested thus far. This situation is in contrast to that 
frequently encoimtered in adsorption chromatography, where the be- 
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havior of a given substance is markedly altered by the presence of other 
components.^®* 

Brfore leaving the discussion of the theory of chromatography on 
starchy it is of interest to consider the order of magnitude of the resolving 
power of the starch column. The case of leucine and isoleucine in 1:1 
butanol‘.benzyl alcohol is an instance where the ratios of the two distribu¬ 
tion coefficients calculated from the column and measured in the separa¬ 
tory funnel are similar. For purposes of comparison, without making 
any assumptions as to the mechanism of action of the column, it is possible 
to calculate how many “plates” would be required to achieve, by liquid- 
liquid distribution in a series of separatory fimnels, the same degree of 
separation of these two amino adds attained on the column. The 
methods of calculation of Martin and Synge^® and of Craig,^ taken in 
conjunction with our data, point to the fact that the starch column is 
performing a task which would require several thousand separatory fuimel 
“plates.” 



i 



The comparison of the performance of the column with that of a 
several thousand “plate” system is a realistic one for revealing, qualita¬ 
tively, the extremely high resolving power inherent in the starch chro¬ 
matogram and for indicating the position of this technique among the 
tools available to the organic chemist for the study of complex multi- 
component systems. 

In returning to the discussion of the amino add “spectrum,” it should 
be stated that there has been no opportunity, as yet, to study the slower- 
moving bands as thoroughly as the phenylalanine-through-valine group 
has been examined. The results which follow are of a more preliminary 
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nature and are presented to show that it has proved possible to cover 
the whole spectrum, although the degree of resolution is not satisfactory 
in all instances. Two curves illustrating the behavior of a number of 
the amino acids falling in the next group to emerge from the column 
are given in figure 8. A shorter column is used, and the incompletely 
separated faster bands, if present, are accumulated in a fore-fraction. 
In butanol-water, proline is the next amino acid to emerge after tyrosine 
and valine, and it is well separated from alanine, threonine, and hydroxy- 
proline. A different picture is obtained employing the acid solvent mix¬ 
ture, butanol-0.5N HGl. Alanine is pulled well apart from threonine. 
Hydroxyproline has about the same rate of travel as aspartic acid. Most 
of these overlaps are resolvable by re-chromatographing the zones in 
question. It is probable that further study of solvent systems will lead 
to results which will reduce the number of instances where this would be 
necessary. 

Serine and glycine are the most slowly-moving members of the mono¬ 
amino monocarboxylic acid series. To speed up their rate of movement, 
n-propanol can be used in preference to n-butanol (figure 9). In neither 
of these solvents, however, has complete resolution been obtained. 



The basic amino acids present a special problem. In butanol-water 
and in butanol-0.5N HGl, arginine, lysine, and histidine do not move at 
an appreciable rate. Even in plain water, arginine and lysine are bound 
strongly near the top of the colunrn. The addition of HGl to the water 
causes all three basic amino acids to move rapidly. The combination of 
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aqueous HGI and propanol provides a solvent mixture which gives a 
satisfactory rate of travel for the basic amino acids and yields reasonably 
complete separation (figure 9). This preliminary experiment is a further 
example of the use of watcr-miscible instead of water-immiscible solvents 
in the starch chromatogram. 

Relatively few experiments have been carried out, to date, on the 
behavior of peptides on the column. One example can be given of the 
separation of the isomeric dipeptides leucylglycine and glycylleucine 
(figure 10). 

The results of an experiment on a hydrolysate of jS-lactoglobulin are 
given in figure 11 , as an example of one of the problems to which this 
technique can be applied. The first six amino acids in the spectrum 
appear in the usual order. In this mixture of more than twenty compo¬ 
nents, the positions of the bands are the same as when the amino acids 


Solvent. SyBtem*- n-Sutanol - Waten 
Column Height: 1^ cm. 



Fiauia 10. Separation ot leucylglycine and glycylleucine. 



FiGURa 11. Separation of amino acids in a hydrolysate of ^-lactogtehulin. 
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are run individually. Integration of the curves gives the following values 
for the amino acid composition of /?-Iactoglobulin (gm. per 100 gm. of 
protein)®: phenylalanine, 3.78; leucine, 15.5; isoleucine, 5.86; tyrosine, 
3.64; and valine, 5.62. The values are in good agreement with the results 
reported by Brand et a?./® with the exception that the starch chromato¬ 
gram indicates a lower value for the isoleucine content. The results which 
have been obtained with this method of fractionation support the con¬ 
clusion that chromatography of free amino acids on starch columns, as 
introduced by the work of Martin and Synge and Elsden, and as extended 
in the experiments outlined above, is capable of yielding soimd quantita¬ 
tive data as well as qualitative pictures of the composition of mixtures of 
amino acids and related compounds. The studies are still in their rela¬ 
tively early stages, and much is yet to be learned concerning both the 
potentialities and the limitations of the method in its application to bio¬ 
chemical problems. 

In conclusion, the authors wish to acknowledge the valuable assistance 
of Miss Enid Mellquist and Mr. H. R. Richter in the course of this work, 
and the microanalytical aid of Dr. Adalbert Elek of the Institute. 
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A REVIEW OF FRACTIONATION OF MIXTURES 
BY FOAM FORMATION 


By Leo Siiedlovsky 

Colgate-Palmolive-Peet Company, Jersey City, N. /. 

Chromatographic methods employing solid adsorbents are now fre¬ 
quently used, but the possibilities of fractionations and purifications with 
foams (at air-liquid interfaces) and emulsions (at liquid-liquid inter¬ 
faces) have hardly been investigated. 

It has been known for some time that the components of certain solu¬ 
tions are adsorbed by the foams which these solutions can form, as well as 
at liquid-liqmd interfaces. Gibbs’ Adsorption Equation* indicates in¬ 
creased concentration of a single surface active material at the interface 
by reversible adsorption. In a number of cases, the measured adsorption 
is equal to or many times the calculated amount. 

MEASUREMENT OF ADSORPTION AT LIQUID IIQUID 
AND GAS-LIQUID INTERFACES 

W. C. M. Lewis^ estimated the adsorption of sodium glycocholate, 
sodium oleate, Congo red, and methyl orange for aqueous solutions against 
hydrocarbon oil and found it to be about sixty times the calculated value. 
The adsorption was about 5 x 10“^ gm. per cm.^ 

Donnan and Barker^ found the adsorption at gas-liquid interfaces, as 
indicated by surface concentration, to be of the order of lO”’^ gm. per 
cm.^ for dilute solutions (0.002 to 0.008 per cent) of nonylic acid. These 
values agree in order of magnitude with those calculated from Gibbs’ 
Equation. 

McBain and DuBois^ measured adsorption at the surface of aqueous 
solutions for isoamyl alcohol, acetic, butyric, caproic and nonylic acids, 
phenol, jb-toluidinc, resorcinol, thymol, and camphor. They found that 
gas bubbles passing through a solution carry from two to eight times as 
much solute as is predicted by Gibbs’ Equation. 

a dy 

r =-X-, whei e r is excess bolute pei unit surface, a = activity of solute, and 

RT da 
dy 

- = xate of change of surface tension with activity. Where activity coefficients do not 

da 

change with concentiation, concentrations are used instead of activities. 

1 Lewis, W. C. M. PhlL Mag. 15: 499-526. 1908. 

& Donnan, P. G., & J. T. Barker, Proc. Roy. Soc. London A 85: 667-73. 1911. 

B McBain, J. W., & R. DoBois. J. Am. Chem. Soc. 61; 8634-8649. 1929. 
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PURIFICATION OF MIXTURES BY SELECTIVE 
ADSORPTION IN FOAM OR EMULSION 


The above values show the extent of adsorption for a number of sub¬ 
stances. For mixtures^ fractionation of the constituents can be obtained 
by selective adsorption at air-liquid interfaces (foam) or liquid-liquid 
interfaces (emulsions). This suggests the use of foams for the removd of 
positively adsorbed substances from solution. However, very little quan¬ 
titative work along these lines has been reported, and for adsorption in 
emulsions even less data are available. 

In the following discussion, the recent papers^"^® which indicate some 
of the factors involved in such separations will be considered. 

Miles and Shedlovsky^* ^ have shown the effects of small amounts of 
certain impurities which lead to minima in surface tension-concentration 
curves. Such minima can be attributed to the presence of at least two 
surface active constituents in the same solution. Selective adsorption at 
air-liquid interfaces (foam) or benzene-liquid interfaces (emulsion) have 
indicated these minima to occur at bulk concentrations where the relative 
surface concentrations of the component present in smaller amount was 
at a maximtim. 

As an example of selective adsorption at air-liquid interfaces, the data 
given by Miles^ may be considered. Known volumes of foam of uniform 
bubble me were produced by passing clean air, at constant pressure, 
through a single glass orifice into 50 ml. of solution. The interfacial area 
was approximately 2 x 10^ cm.^ for a full cylinder of foam, as calculated 
from the bubble volume, which was estimated as 0.017 ml., and the 
cylinder volume of 1100 ml. After forming the foam, the solutions were 
brought to what was believed to be a steady state with respect to the 
newly created surface, by agitating the bulk liquid gently in contact with 
the interface for several minutes. 

Curve 1 of figure 1 represents the surface tension-concentration rela¬ 
tionships for pure sodium lauryl sulfate which had been ether-extracted 
in the dry state for 36 hours in a Soxhlet apparatus. Curve 2 illustrates 
the minimum obtained when pure sodium lauryl sulfate is contaminated 
with 0.5 per cent dodecanol, on the total solids basis. Point A' is the 
value obtained after forming a full cylinder of foam from 50 ml. of 0.015 
molal solution (surface tension A) and then diluting to 0.0075 molal. 
Point B' is the value obtained when the same procedure is followed 
starting with 0.010 molal, (surface tension B) and then diluting to 0.0075 
molal after selective adsorption. Point C' was obtained by the same steps 
as Points A' and B', except that the starting and final concentrations were 


^ Miles, G. D. & li. Shedlovsky. J. Phys. Chem. 48: 57. 1944. 
s Miles, G. D. J. Pbys. Chem. 49: 71. 1945. 

^ShedloTsky, L. Ann. N. Y. Acad. Sci. 46(6): 429. 1946. 

^ Abrlbat, M. Actnalitds Scientiflanes et Industrielles. Hermann et Paris. 932: 128-176. 
1942; C. R. 209: 244-6. 1989; IT. S. Patent 2,818,007. Mar. 2, 1948. 

^ Marks & Clerk. Brit. Patent Appl. 27,886. Oct. 18, 1989. 

»Schfitz, P. Trans. Par. Soc. 42: 437-444. 1946. French Patent 886,489. Doc, 21. 1988. 
^ Bader, R. & F. Schdtz. r^ns. Far. Soc. 42: 671-76. 1946. 
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SURFACE TENSION-DYNES PER CM. 



Figurb 1. Effect of foam oxtiaction on suzface tension of sodium dodecyl sulfate (12>1) 
+ 0.69G dodecanol and sodium dodecyl sulfate (12-1) +1% sodium hexadecyl sulfate (16-1). 
(Miles ®). 


0.0075 molal. Point C" was obtained in the same way as C', except that 
one-third the volume of foam was employed for C" as compared to C'. 
Fifty ml. of 0.005 molal solution, surface tension (D), was used to make a 
full cylinder of foam and the surface tension (D') of the bulk liquid 
measured. On increasing the concentration to 0.0075 molal by the addi¬ 
tion of pure sodium lauryl sulfate to this solution, a surface tension D" 
was obtained. Point F' was obtained by the same adsorption procedure, 
starting from a 0.006 molal solution with surface tension F. 

The examples given are typical of other mixtures, and surface tension- 
concentration and interfacial tension-concentration curves are effective 
guides to the concentrations most suitable for purification by selective 
adsorption, as well as to show the presence of even minute amounts of 
certain surface active constituents. This gives criteria of purity not 
obtainable from the measurement of bulk properties. By studying both 
the surface tension-concentration and interfacial tension-concentration 
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curves, using a non-aqueous liquid for the latter, it is sometimes possible 
to choose the method of purification to be used. If the surface tension- 
concentration curve shows a minimum, selective adsorption in foam is 
indicated, whereas, if the interfacial tension-concentration curve shows a 
minimum, selective adsorption in an emulsion should be tried. In cither 
case, the most effective removal of the impurities is obtained at the con¬ 
centration corresponding to the minimum. For example, we have found 
that addition of dodecanol to a solution of sodium dodecanol sulfate 
shows a pronounced minimum in the surface tension-concentration curve, 
but no minimum in the interfacial tension-concentration curve (solution 
against benzene). The dodecanol can be completely removed from this 
solution by the use of foam, whereas a benzene emulsion is not suitable 
for this purpose. 

The procedure for separations with foams or emulsions will depend on 
whether it is desired to recover the material adsorbed in the foam or that 
remaining in the solution. For removal, from the solution, of materials 
which are selectively adsorbed in the foam, the method which we use at 
present consists of preparing a column of foam in a cylindrical pyrex 
jacketed tube 46 cm. long and 3.7 cm. in diameter, from another jacketed 
tube placed below the first one. The lower tube is 17 cm. long and 2.8 
cm. in the vsddest portion. Filtered air is bubbled through a stainless 
steel perforated cup *‘spinnerette” (40 holes, 0.0032 inches in diameter). 
Surface tension measurements are made of the solution at various con¬ 
centrations after it has been poured through the foam, and about 15 
minutes are allowed for drainage. In some cases, repeating the operation 
of pouring the solution through the foam gives improved selective adsorp¬ 
tion and a more complete approach to a steady state. 

For selective adsorption at benzene-liquid interfaces, mentioned previ¬ 
ously,® relatively small portions of the solution were gently agitated with 
the emulsion, whereupon samples of the bulk solution were withdrawn 
and their interfacial tensions compared with the values obtained for 
untreated solutions. 

These selective adsorption experiments were made with mixtures where 
one constituent was present in small amounts. It is not known whether a 
similar procedure could be used satisfactorily for binary mixtures where 
both components were present in relatively large amounts. Furthermore, 
its applicability to multicomponent and more complex mixtures has not 
been investigated. 

ABMBAT’S METHODS FOR FRACTIONATION OF 
MIXTURES IN FOAM 

M. Abribat*^ describes certain methods of fractionation of various mate¬ 
rials using foam. He emphasizes that drying of foam by drainage is 
responsible for the enrichment of foams with respect to certain constituents 
in the solution, and he insists that the separation of numerous constituents 
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is primarily a fuiic’tion of the difference in the flow characteristics at the 
gas-liquid interfaces and of the bulk liquid. Furthermore, he claims that 
this separation docs not necessarily correspond to the surface activity of 
the constituents involved. 

Procedure. The foam is made by bubbling air or nitrogen through 
a porous cup (£) at the bottom of a vertical glass tube (figure 2). The 



Figure 2. Foam rrartionation apparatus, aflor Abribaf''. A, defoaminsr tube; B, con- 
neclinff lube; C, rubber .sleeve; Z>, liquid level; porous cup; F, g«is inlet; G, thin wall 
appatatus for solutions which form small amount of foam. 


gas bubbles should be as small as possible, so that they do not rise too 
rapidly, allowing adequate lime for adsorption. 

Since certain constituents of the original solution are concentrated in 
tlic foam, the amount of foam which can be formed from the solution 
decreases as it progressively loses those constituents which cause it to foam. 
In order to obtain effective separations, it is important to allow the foam 
to drain as much as possible. For some foams whose films have a high 
surface viscosity, such as protein foams, considerable liquid remains even 
after drainage has been essentially complete. 

The height of the column of foam, H, from the original liquid level and 
the drop in the liquid level, A, are recorded as a function of time, with 
the gas bubbling at a fixed pressure (figure 3). In general, H passes 
through a maximum for a constant gas pressure. These measurements are 
used by Abribat as a guide to the procedure to be followed in foam frac¬ 
tionation. He considers the type of data shown in figure 3 as indicating 
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Figure 3. Schematic diasrram for operation of foam fractionation, after Abribat*^. II, 
height of column of foam; h, drop in liquid level. 

relative drainage rates^, but it seems that both the foam volume and the 
maximum total amount of liquid held in the foam, which is proportional 
to A, decrease for each increase in pressure at which the gas is bubbled. 

To cany out an experiment, the bubbling of gas is first started at low 
pressures which are progressively increased until H is constant. The 
pressure should always be below the limit which corresponds to the 
appearance of eddy currents of bubbles in the foam. The porous cup 
should be at least 5 or 6 cm. below the liquid level for a tube of 5 cm. 
inside diameter. 

After a few preliminary trials, a suitable pressure, Pi is chosen (figure 
3). Then, ti is the time required to reach a steady state when foam 
breakdown is compensated by foam formation and H is constant. The 
pressure is increased to Pjj and the measurements of H and h against t are 
repeated. 

The values of t become progressively shorter. After depletion of the 
solution of surface active constituents, and without diminishing the gas 
pressure, the sections of foam are removed. This can be done in a single 
operation if the apparatus is large enough. Otherwise, the sections of 
foam may be removed in steps corresponding to fa, f^, etc. For this 
purpose, the connecting tube (figure 2, B) is placed over any one of the 
sections and the required foam fraction is collected in the defoaming tube. 

Abribat’s apparatus (figure 2) is made with long cylindrical sections 
connected witib ground joints or rubber sleeves, and the dimensions range 
from narrow columns several feet high to wide ones reaching a total of 
perhaps 20 feet. The size suitable for all operations cannot be specified, 
because this varies with the amoimt of foam formed. A relatively narrow 
tube is recommended for solutions which form only a small amount of 
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foam, such as dilute solutions of proteins, virus, and scrums. If a vertical 
tube with a sufficiently thin wall is used (figure 2, G), the column may 
be cut into appropriate sections with a glass cutter at the end of the 
experiment. If necessary, the fractions obtained can again be treated 
separately by forming new foams, either after dilution or directly in a 
smaller apparatus. Other details of the apparatus are indicated in figure 
2. A jacketed apparatus is used to carry out experiments at various 
temperatures. 

Effect of Concentration of Solutions and of Bulk and Surface 
Viscosity. According to Abribat, in many cases and especially for pro¬ 
tein solutions, the fractionation by foam drainage is more complete for 
dilute solutions, as long as they still form rigid surface films. In this case, 
the difference between surface and bulk viscosity is greater than for more 
concentrated solutions. The addition of materials with high bulk vis¬ 
cosity is usually undesirable, since it merely interferes with drainage. 

If mutual adsorption does not occur, one may obtain selective separa¬ 
tion in foam of a particular material by altering the temperature. This 
effect is apparently due to an abrupt decrease in surface viscosity. 

Eddy Currents in Foams During Fractionation. If eddy currents 
of bubbles are formed in the foam in Abribat’s apparatus, even for a 
short time, this may be sufficient reason to ruin a separation previously 
obtained. Such disturbances are greater in the more fluid portions of 
the foam, which have relatively large amounts of liquid, and are more 
easily produced for larger cross-sections of the foam column and for 
higher rates of gas flow. Abribat avoids eddy currents by using a device® 
which allows for a convenient agitation of the column of foam. The 
rotation of a series of vertical coaxial stirrers tends to carry each bubble 
in a circular path in a horizontal plane, and, as the foam rises, the path 
becomes helical. This arrangement is claimed to have the further advan¬ 
tage of increasing the length of travel of individual foam bubbles, besides 
which it allows drainage of the foam in a shorter column than would 
be necessary in the absence of such stirring. With this arrangement, the 
various fractions arc sharply separated in the column. 

The eddy currents arc due to the various-sized bubbles formed with 
the porous cup. Large bubbles travel faster than small ones and collect 
at the top of the foam column. We have found that foams of uniform 
bubble size arc formed by using a single orifice, or “spinnerettes.” Such 
foams should be a distinct advantage in foam fractionations, since diffi¬ 
culties due to eddy currents would be largely eliminated. 

Applications: 

Proteins. For proteins, the rigidity of the interfacial films of the 
foams is a function of both pH and temperature. Other factors being 
equal, the most suitable conditions for foam fractionation obtain at the 
isoelectric pH. However, the temperature should not exceed a certain 
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value above which some proteins such as gelatin do not form viscous 
films and the foam persistence is low. Furthermore, foam enrichment by 
foam drainage is almost nil. In such cases, above a certain temperature, 
separation is not improved at any concentration. 

Gelatin has been separated by Abribat from heat-denaturablc proteins, 
such as albumins and globulins. These proteins constitute the products 
obtained at the beginning of the fractionation, and some of them flocculate 
irreversibly in the foams. Gelatin is not denatured by heating its solution, 
nor is it denatured by foam formation. 

CoLLARGOL. For 2 L sol of collargol, during the foam formation, the 
liquid is rapidly decreased in concentration of colloidal silver. No floccu¬ 
lation is produced in the liquid during the operation and until the removal 
of the last traces of silver. If proteins, which can be denatured by foam¬ 
ing, are present, the constituents of the foam may flocculate irreversibly. 

Methyl Violet Dyes. Abribat repeated the experiments of 
Kenrick^^ with a mixture of methyl violet (tri-, tetra-, penta- and 
hexamethyl-pararosanilines). The top fraction of the foam was almost 
entirely composed of the hexamethyl derivative (crystal violet) which 
had a characteristic violet color, whereas the product at the lower section 
of the foam was red-purple. 

Towards the end of the operation, the fractionation could be accele¬ 
rated and considerably improved by adding a very small amount of 
gelatin, which increased the volume of foam. Beyond mentioning the 
difference in color, Abribat does not indicate the purity of the fractions 
obtained. 

Mixture of Saponin, Gelatin, and Sodium Oleate. When a dilute 
solution of gelatin containing sodium oleate was subjected to a foam¬ 
forming treatment, the top fractions of the foam column were composed 
exclusively of gelatin. The oleate was separated, subsequently, from an 
alkaline solution to avoid hydrolysis of the sodium oleate. In order to 
obtain suitable properties of the gelatin films in the foam, it was necessary 
to add about cc. per liter of ethanol to the solution. 

During the foaming of a solution of gelatin and saponin, the saponin 
was found in the top fraction. If the solution also contained sodium 
oleate, the dissolved substances were at least partly concentrated in the 
foam column in the following order: saponin, gelatin, sodium oleate. 
This appears to be in accordance with the rigidities of the interfacial films 
formed. According to Abribat, this does not follow the individual surface 
activities of the different substances, when these are taken separately. 

Other Materials. Abribat separated fatty acids closely related to 
each other in constitution and number of carbon atoms. He suggests the 
use of the method for various protein and lipoid substances, blood serum, 
various plasma, as well as for the separation of enzymes, virus, or 
hormones. 

iiE«nzick, P. B. J. Phya. Chem. 16: 618-17. 1912. 
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SCHtJTZ’S METHODS FOR FRACTIONATION OF 
MIXTURES IN FOAM 

Procedure. F. Schiitz®* and co-workers report on the fractionation 
by adsorption and crystallization on foam. Their method consists in 
bubbling nitrogen through a single orifice at the bottom of a relatively 
short coliunn, 28 cms. high and 3.5 cms. in diameter (fioure 4), and the 



FiOURB 4. Foam fracUonaiion apparatus, after Schfttz*. 

foam is allowed to go over a bend at the top of the tube into a side vessel. 
The height of the liquid through which each bubble rises, and the time 
the bubble rests in contact with the liquid, have to be suflBcient for surface 
equilibrium to be approached. Schiitz considers this condition satisfied 
with the liquid level about half-way up, but he does not give the basis 
for his statement. 

The rate of gas flow is adjusted so that the bubbles reach the upper 
overflow bend in the tube. Schiitz claims that this has the advantage 
of foam automatically ceasing to be carried over if its stability suddenly 
decreases or increases, when the surface active material collected from 
the foam has all been removed from the solution. At this point, the 
receiver is changed, the gas pressure is increased, and the next fraction 
collected. This accoimts only for the volume of foam produced, regard¬ 
less of bubble sizes and other properties, such as drainage characteristics. 

If stable foam is not obtained from a solution, stability can sometimes 
be induced by adding a liquid which reduces the solubility of the sub- 
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stance to be adsorbed. Schiitz finds that aqueous solutions of inulin 
hardly form foams, but they give very stable foams if prepared with 1,65 
per cent ethanol or 10 per cent dioxanc. 

He notes that, unless there are indications from “peaks” of “foam 
time”* curves,^^ it is best to make the foam at as low a concentration as 
possible. This corresponds with the observations made by Abribat with 
regard to concentration. 

In nearly all cases, some solid matter is found in the foam fraction, and 
this often leads to a more efficient fractionation. However, in foaming 
proteins, much of the solid matter in the foam fractions is surface- 
denatured protein. The foam can be broken by centrifuging or by drying 
in a desiccator. 

Schiitz recommends the choice of “peaks” of “foam time” against con¬ 
centration curves^^ as a guide to the concentrations to be used for foam¬ 
ing. For the purification of proteins and bile salts, better fractionation 
was obtained at the isoelectric pH. 

The surface tension of the foam fractions was lower than that of the 
original solution, and efficient fractionation was shown by an increase 
in the surface tension of the solution. However, Schiitz considers that 
“foam time” is a more sensitive indicator than surface tension of when 
to change the receiver. On the other hand, we have seen before how in 
our work^‘ ® the minima in surface tension concentration curves cor¬ 
respond to optimum selective fractionation of certain components from 
which the foam was formed. 

Effect of Temperature, Thermolabilc substances like enzyme solu¬ 
tions can be converted into foam at 0®G. For this purpose, the incoming 
gas should be pre-cooled. Changes in both bulk and surface properties 
may change considerably with temperature, as indicated, for example, in 
the drainage characteristics of foams. 

The rates of flow of liquid through foams decrease with increase in 
both surface and bulk viscosities,’^® both of which arc affected by changes 
in temperature. 

If an increase in temperature decreases the viscosity without causing 
other pronounced changes in properties, it is advisable to use higher tem¬ 
peratures. However, Schiitz finds that for some materials there is an 
optimum temperature, different for various materials, beyond which, at 
higher temperatures, fractionation by foam is no longer possible. For 
sodium cholate, this temperature is 36°G., and for saponin, 70°G. In 
this connection, it may be of interest to note that differences in drainage 

* The first method siven by Sehfiiz consisted in bubbling gas through the solution by means 
of a capillary tube. The period between the stoppage of gas flow and the time when half the 
foam-covered surface became free of bubbles was called the “foam time.” 

For aliphatic alcohols, Schiitz says that a standardized shaking method was used. After shaking 
was stopped, the time taken until the center of the liquid became free from bubbles was called 
the “foam lime.” 

^Schfitz, F. Trans. Far Soc. 38: 85. 1942; 38: 94. 1942. 

Miles, G. D., L. Shedloyslqr, & J. Ross. J, Phys. Chem. 49: 93-107. 1945. 
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rates of foams for various materials become insignificant above certain 
temperatures, due to an abrupt decrease in surface viscosity.^® 

Size of Bubbles and Rate of Drainage. The size of the bubbles 
can be varied by using jets with different openings. As a rule, smaller 
bubbles arc more advantageous since they correspond to more surface for 
the same total gas volume. However, Schiitz found that, for saponin, 
smaller bubbles remove less material than larger ones. This was probably 
due to the much slower drainage rate for the smaller-size bubbles.^^ 

Rate of Foam Formation. Since Schiitz used “foam time*’^^ as a 
guide in the technique and this depends on the bubble size, sintered glass 
was found unsuitable, as it produces various bubble sizes which mask the 
observed changes in foam stability, quite apart from the fact that slow 
foaming cannot easily be achieved by means of such a filter. Somewhat 
better results can be obtained by using a multijet, with 12-20 openings of 
approximately equal diameter. In using more than one opening, the size 
of the apparatus must be increased, for, otherwise, the greater amount of 
foam produced per unit time reduces the desired preferential adsorption 
of one constituent. In our work,^**^ stainless steel “spinnerettes” of the type 
used in making rayon (for example, 40 holes, 320x10"® inches in diameter 
± 5x10^ inches) arc used for obtaining foams of uniform bubble size. 

By forming foam from a solution of sodium tauro-glyco-cholate by a 
single jet, crystallization of fatty acids and bile acids in the foam fractions 
was obtained by Schiitz, but, if a multijet was used for the same solution 
in this apparatus, none of the above results could be obtained. This was 
due mainly to the increased rate of flow of gas, and to the shorter time 
the foam remained on the surface of the liquid and in the solution vessel. 
The average time one bubble took to be drawn over into the side vessel 
was approximately 30-40 sec. If the rate of flow was increased so that 
only 5 seconds were allowed, there was hardly any difference in concen¬ 
tration between the foam fraction and the residual solution. When a 
multijct was used, the height but not the width of the apparatus was 
increased. 

Schiitz sometimes found that much of the foam became stagnant in the 
upper part of the vessel and that newly formed foam was moving through 
a channel of this stagnant foam. This was often found to be a disadvan¬ 
tage, because the stagnant foam which should have been removed with 
an earlier foam fraction was sometimes quite efficient in breaking the later 
loam bubbles when these came in contact with it. The stagnant foam 
was therefore removed through an opening at the top of the column (not 
shown in figure 4), before it was carried over the side. With solutions 
which initially showed very low “foaming stability^’, it was found better 
to fill the vessel to a higher level, so that bubbles had a shorter distance 
to travel from the surface of the liquid until they reached the side vessel. 
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Applications: 

Bile Salts. R. Bader and F. Schiitz^® describe the fractionation by 
adsorption and crystalKzation on foam of bile salts. Free bile acid was 
adsorbed and found in crystalline form in the foam fractions. Foam was 
formed from 0.4 per cent sodium cholate at 24°C. with a jet 2-3 mm. in 
diameter. 

Impure preparations yielded crystalline fatty acids in the earlier frac¬ 
tions and crystalline bile acids in the later foam fractions. When the fatty 
acids were removed by foaming and the bile acids started to separate, 
there was a sudden change in “foam stability”. The nitrogen pressure 
for the first foam fraction was less than 0.5 lbs. per square inch and was 
adjusted imtil the flow of foam entering the side vessel was not quite 
continuous. The lower the rate of gas flow, the greater the fractionation. 
The concentration of the cholic acid in the foam fractions was 3 to 6 times 
that of the original solution. In subsequent operations, the pressure was 
increased or decreased for the next fraction, depending on whether the 
foam volume decreased or increased. 

The optimal pH for these fractionations of salts of bile acids was 6.5. 
Intermittent adition of hydrochloric acid solution was found to be a more 
satisfactory method of controlling the pH than the use of buffer solutions, 
because the latter completely hindered the crystallization of the free acids 
in the foam fractions. In other cases, the salt in the buffer solutions may 
alter the adsorption in the foam. The fatty acids and similar materials 
appeared in the first three fractions. 

The foam in the side vessels was mostly broken on standing 2 to 3 hours, 
and the remainder was broken by centrifugation. 

DOGNON’S METHODS FOR FRACTIONATION OF 
CHEMICAL AND BACTERIOLOGICAL MIXTURES 

A. Dognon^'^*^® discusses concentration and fractionation by forming 
foams for both chemical and bacteriological mixtures. 

Procedure. In the simplest case, his apparatus consisted of a cylin¬ 
drical tube 25 to 30 mm. in diameter and 50 to 60 cm. high. Drainage 
of foam was practically complete in the top section, if the gas pressure 
was regulated so that the upper boundary of the foam remained stable 
for a sufficiently long time. Then, the various fractions could be recovered 
by increasing the pressure so as to collect the successive foam fractions by 
overflow. 

Applications: 

Blood Serum. Dognon confirmed the common observation that there 
was no significant separation of material in the foam above certain con¬ 
centrations of solution. At higher concentrations, the adsorption was 

uDoffnon, A. Actualit^s Scientifiaues et Industriellea. Hermann et Paris. 932: 157- 
172. 1942; BuU. Soc. Chim. BioL 23: 249-63. 1941; Bev. Sci. 79: 613-19. 1941. 

Dognon, A., & H. Dnmontet. C. R. Soc. Biol. 135: 884. 1941. 
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poor, as indicated by Gibbs’ Equation, and the drainage characteristics 
of the foam were unfavorable for effective separations. On dilutmg a 
solution, there was an increase not only in the ratio of the foam to solu¬ 
tion concentration but also in the total concentration in the foam. 

For blood scrum, concentrations above 0.5 per cent cannot be treated. 
The adsorption of protein in the foam may give a concentration 20 or 30 
times greater than in the initial serum. Considerable denaturation takes 
place, especially of the globulins. 

Bacterial Suspensions. A separation of bacterial suspensions by 
foam is regarded by Dognon as a sort of microflotation. For this purpose, 
a cylindrical tube, shaped on top like an inverted funnel, had a two-hole 
rubber stopper at the bottom which contained a porous cup. Samples of 
liquid were periodically removed from below and examined for optical 
density with a photoelectric turbidimeter. 

The bacteria removed from the surface of a solid medium were made 
into a suspension in the medium chosen. Centrifugation permitted the 
removal of agglomerated portions, whereupon the change in the suspen¬ 
sion was determined by the turbidity of a diluted portion. It was not 
necessary to add foaming agents, for even in the distilled water there was 
sufficient foam to observe the effects of entrainment. 

Koch bacilli (dried B.C.G.) suspended in water were easily concen¬ 
trated in the foam and appeared in clumps which adhered to the wall of 
the tube. The remaining suspension rapidly became more dilute. 

Under the same conditions, B, coli^ Staphylococcus alba, and yeast cells 
{Schizosaccharomyces) were separated in the foam to only a very slight 
degree. However, by adding NaCl, Na 2 S 04 , CaCU, or saponin, mucin 
or globulins, the separation was greatly enhanced. These effects increased 
at higher salt concentrations for all ihe above cases, as well as for Koch 
bacilli. 

On the basis of the above experiments, it was possible to make a nearly 
complete separation of Koch bacilli from a mixed suspension containing 
one of the other organisms mentioned previously. A microscopic exami¬ 
nation showed no Koch bacilli left in the residual liquid. 

Dognon remarks that the separation of Koch bacilli from the other 
microorganisms in distilled water suspensions appears to be in accord with 
the concept of microflotation, indicating that the poorly wetted Koch 
bacilli are entrained in the foam. This may be attributed to the hydro- 
phobic nature of the surface-covering of these bacilli. There is no simple 
explanation for the effect of electrolytes. 

DISCUSSION 

The methods for fractionation in foam which have been summarized 
suggest procedures which may be useful, but it is evident that no single 
method is applicable to all cases. 
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Abribat stresses the importance of taking advantage of differences in 
foam drainage. On the other hand, in Schiitz’s apparatus, the foam 
’was removed as soon as possible after formation, so that only a short time 
was allowed for drainage. Schiitz uses “foam time” and the foam volume 
produced at a fixed gas pressure as a guide to the procedure for frac¬ 
tionation of mixtures of materials in tlic foam. It appears that “foam 
time” is affected by drainage rates as well as by surface adsorption, but 
not either one alone. 

It is advisable to separate foam which had been allowed to drain, as 
much as possible. It may be of interest to speculate with regard to the 
advantage in foam fractionations of foams with viscous films which drain 
slowly to a state where relatively large amounts of liquid arc retained. 
Abribat says that, for protein foams, the films arc, in effect, gels which are 
relatively rich in water, whereas, for solid intcrfacial films, the foam is 
nearly completely dehydrated when a steady state is reached. In such a 
case, solid is deposited on the tube or else a rigid fine spongelike structure 
is foimcd. It was noted previously that, in our work, a repetition of the 
operation of pouring the solution through the foam gives improved 
selective adsorption and a more complete approach to a steady state. 
All the material which can be removed from solution is not adsorbed in 
foam immediately. Consequently, slow-draining foams would be 
expected to lead to better fractionation in Abribat’s apparatus, since it is 
obvious that this results in larger amounts of liquid remaining in the 
foam (per cm,^) while it is drained, as well as after drainage has prac¬ 
tically stopped. In this connection, Schiitz made the observation that, 
the lower the rate of gas flow, the greater the fractionation, due to the 
longer time allowed for adsorption to reach a steady state. 

Abribat hardly mentions adsorption, except to say that it docs not 
determine the fractionation which, he stales, is predominantly a function 
of surface “rigidities.” Relative adsorption should be estimated on the 
basis of the same surface areas, so that cognizance should be taken of 
the volume of foam and the bubble sizes. In foam fractionation, the 
total adsorption will, of course, depend on the total surface. In figure 3, 
taken from Abribat, the curves do not show differences in drainage rates 
on the basis of comparable total volume of foam, which is proportional 
to H + /i, and, furthermore, the various fractions probably correspond 
to different bubble sizes. These factors, as well as bulk and surface 
viscosities, affect drainage rates,so that it does not seem valid to attribute 
the overall differences in drainage rates, indicated by Abribat in figure 3, 
to differences in “rigidities” of surface films, unless other data are avail¬ 
able to show this. 

A solution of a mixture of sodium dodecyl sulfate and sodium hexadecyl 
sulfate does not show rigid films of the type suggested by Abribat. There 
is no evidence of high surface viscosity in films made from the solution, 
but a purification of this mixture can be carried out by foam fractiona- 
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tion.'^ In this case, tlic solution was allowed to flow through the foam 
several times. The guide to cfFcclive separation was obtained on the 
basis of the surface tension-concentration curve, as described previously. 

Gibbs’ Equation deals with reversible adsorption, but there is reason 
to believe that some of the foam fractionations which Abribat and Schiitz 
describe deal with irreversible adsorption of the type due to denaturation 
of protein. 

It would be useful to have more examples of separations of mixtures of 
relatively pure materials of known composition, in order to learn more 
with regard to the principles involved. The suggestions given in the 
papers discussed should be pursued, so that the significant factors leading 
to clear-cut separations may be more precisely defined. In separations 
and purifications, it would be desirable to use better criteria of the purity 
of the fractions obtained. 

It is clear that the methods of foam fractionation, purification with 
emulsions, and microflotation of bacteria can lead to many applications 
of theoretical and practical importance. 

SUMMARY 

Examples of the extent of adsorption at liquid-liquid and air-liquid 
interfaces have been noted from the literature. 

Some of the possibilities of fractionations with foams and emulsions 
have been reviewed with particular reference to the more recent publica¬ 
tions. 

The various procedures arc described and a number of factors involved 
are discussed, including selective adsorption, composition and concen¬ 
tration of solution, pH of solution, temperature, size of bubbles, rate of 
foam formation, eddy currents in inhomogeneous foams, and the effects 
of bulk and surface viscosity. 

The surface tension-concentration and interfacial tension-concentra¬ 
tion curves have been shown by Miles and Shedlovsky*^-® to be a guide 
to the method for the purification of certain mixtures. Such data arc also 
useful criteria of the purity of some materials. 

Abribat'^ and Dognon"* * emphasize that foam drainage is a predominant 
factor in fractionation. They point out that drainage of foam represents 
a chromatographic column in which the constituents are stratified accord¬ 
ing to surface rigidity of the films rather than order of surface activity. 

Their drainage data for foams cannot be clearly attributed to relative 
surface ‘Rigidities”, since the variations in surface areas and bubble sizes 
involved arc not taken into account. 

Transfer of all the material which can be adsorbed on foam from 
solution is not instantaneous, and it is suggested that low rates of gas 
flow and slow-draining foams lead to better fractionations, due to the 
longer time that foam bubbles arc .sun'ounded by adequate amounts of 
solution. 
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In the procedure used by Abribat and Dognon, it is claimed that eddy 
currents of bubbles formed in the foam may be sufficient reason to ruin 
a separation previously obtained. Abribat describes a device for the 
agitation of the column of foam which he uses to avoid eddy currents. 

It is suggested that the difficulties with regard to eddy currents may 
be attributed to the formation of foams through fritted diaphragms which 
do not result in uniform bubble sizes. 

Schiitz uses “foam time” and foam volume produced at a fixed gas 
pressure as guides to the procedure for the foam fractionation of mixtures 
of materials, 

Applications are given of foam fractionation of sodium alcohol sulfates, 
soaps, proteins, collargol, dyes, and bile acids. 

The separation, by Dognon, of Koch bacilli from B. coli, Staphylo¬ 
coccus alba, and yeast cells (Schhosaccliaromyces) by microflotation in 
foam is outlined. 

The writer wishes to express his appreciation to Mr. Gilbert D. Miles 
and Dr. John Ross for their helpful suggestions in coimcction with this 
review. 



ION-EXCHANGE ADSORBENTS AS 
LABORATORY TOOLS 

By Norman Applezweig 

Laboratory of Cellular Physiology^ New York University^ New York, N. Y* 

Ion-exchange adsorbents at present enjoy a wide application in indus¬ 
try. The patent files are rich with examples of production tasks which 
ion-exchange has ingeniously been made to do. The use of exchange 
adsorbents as common laboratory tools, however, has yet to receive ade¬ 
quate recognition. 

In order to illustrate the broad possibilities for these techniques, it was 
thought useful to review the principles involved in some of the commercial 
uses of ion-exchange. An attempt will also be made to discuss typical 
applications of ion-exchangc in organic and biochemical research, in order 
to make these results known to a wider audience. 

Since the concentration, isolation, and purification of organic mate¬ 
rials from natural sources or dilute reaction mixtures are prime problems 
in organic and biochemical research, emphasis will be placed upon the 
applications of ion-exchange techniques to the accomplishment of these 
purposes. It will also be seen that ion-exchange provides simple means 
for the preparation of salts by double decomposition, removal of acid 
from acid salts, and for the separation of many substances. 

While all the techniques reviewed here do not explicitly involve 
chromatography, it will be seen that they could, in most cases, be applied 
in the chromatographic manner. 

The history of the development of ion-exchangers from the natural 
clays and humic materials through the synthetic siliceous, the carbona¬ 
ceous and, finally, the synthetic resin exchangers is recorded in a review 
by Myers, Eastes and Myers,®® The theoretical aspects of ion-exchange 
are discussed by Griessbach'^® and also by Myers in his chapter on syn¬ 
thetic resins in Advances in Colloid ChemistryJ^^ A more recent dis¬ 
cussion is to be found in the paper by L, E. Davis.^® Studies on rates 
of exchange have been made by Walton,®® by Nachod and Wood,®® 
and by Thomas.®^ An excellent discussion of the theoretical conditions 
for exchange reactions is contained in Cannan’s paper on “Chromato¬ 
graphic and Ion-Exchange Methods in Amino Acid Analysis”.®* For 
more complete bibliographies, reference should be made to the general 
reviews of Block^*^ and Deitz.®® 

For the purpose of this discussion, we may consider ion-exchangers 
to be insoluble acids or bases. As such, they are capable of the reactions 
of ordinary acids or bases, with the notable exception that one of the 

* Present address: Hyarrade Laboratories, Inc., New York, N. Y. 
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reaction products always “leaves the solution” in the form of an insoluble 
salt. The salt-forming capacities of these insoluble acids and bases are, 
to a certain extent, a function of the dissociation constants of the reacting 
electrolytes. Simple exchange reactions may, therefore, be expected to 
behave in accordance with the mass action law, 

Sussman, Nachod, and Wood,®^ using the case of basie resins as an 
example, have pointed out that “it is rather difficult to conceive of an 
ionic system in which the anion is freely mobile in the usual sense while 
the cation comprises a substantially immobile charged locality on a 
macromolecular insoluble resin. It is possible that, under these condi¬ 
tions, ionization can consist of little more than a limited mobility of the 
anions among different cationic groups on the resin.” 

Since ion-exchange reactions involve a two-phase system, results com¬ 
parable to those in physical adsorption or extraction by immiscible 
solvents arc obtained. Thus, the rate of a given reaction is influenced as 
in physical adsorption, by time of contact, surface area, etc. Myers®^ 
suggested that, in order to determine whether a reaction is one of physical 
adsorption or of ion-exchange, it is necessary to analyze for all the con¬ 
stituents originally present as well as those which may be formed. 

As in the case of “conventional adsorbents”, ion-exchangers may be 
added directly to the solution, and the exchange allowed to reach equi¬ 
librium, or they may be used in columns, in which case continuous 
counter-current effects may be achieved. * 

In cation exchangers, the exchangeable hydrogen ion may be provided 
by any one of the following functional groups: 

—SO3H, —CH2SO3H, —COOH, —OH, —CH2OH, or — CHoSH. 

The acid-binding properties of anion exchangers may be due to aromatic 
or aliphatic basic nitrogen groups such as 

—NIT 2 , = Nil or n- N. 


In the ioii-cxchangc reactions listed below, A represents an insoluble 
acidic cation exchanger, and D an insoluble I>asic anion exchanger. 


Base exchange 


Na • .1 + CaCl2-K3a • A + NaCl 

(1) 

Acid formaiion 


H • ^ + NaCI->Na • A + IIGl 

(2) 

Acid removal 


B + • HCl 

(3) 

Anion exchange 


S • HCl + Nal-^B • HI + NaCl 

(4) 


The remaining discussion will be organized mainly around these four 
reactions. 
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BASE EXCHANGE 

Reaction 1 represents the classical use of zeolite exchangers for the 
softening of water. In like manner, calcium ions in milk or blood may 
be exchanged for sodium. In the case of milk, a soft curd milk was pro¬ 
duced which was found useful in infant feeding.^® The treatment of 
blood with a sodium exchanger was suggested by Steinberg'^'^ as a means 
for obtaining ‘‘uncoagulated blood.” 

The quantitative aspects of this exchange have been investigated by 
Applezweig and Rice,° who found that approximately 80 per cent of the 
blood calcium is removed. Since the amount of calcium which remains 
is theoretically sufficient to promote clotting, it is assumed that this residual 
calcium is in a bound or non-ionized form and, as such, not capable of 
promoting coagulation. 

In reaching conclusions concerning the concentration of calcium ion 
required for the clotting process after the addition of oxalates or citrates, 
it was necessary to assume certain relationships between the two systems 
involved, Lc., calcium oxalate or citrate on the one hand and calcium 
protcinatc on the other. Ion-exchange offers a new approach to the study 
of this mechanism, since calcium is removed simply by exchange with 
sodium without addition of extraneous anions. Thus, only the natural 
equilibria in the blood need be considered. 

In a like manner, the role of various cations in other physiological 
phenomena may be explored. It has been generally assumed, for example, 
that serum calcium is associated with complement function. Ecker and 
Pillemcr^^ studied the effects of calcium “disionizing” anions upon comple¬ 
ment and reasoned that calcium plays a role of doubtful significance in 
complement fixation. In Dr. Ecker’s laboratory, human, rabbit, and 
guinea pig sera which had been treated with a sodium exchanger were 
found to have lost none of their complement activity.®^ This would seem 
to confirm the belief that ionic Ca+"J“ plays a negligible role. Breazeale, 
Pierce, and Breazc'alc,** in studies on serological precipitation-flocculation 
tests, found that the reactivity of sera could be shifted from negative to 
]Dositivc and vice vcisa by treatriKnit with zeolites. These investigators 
found that Kahn antigen adsorbs “rcagin” out of syphilitic scrum, thereby 
producing a seronegative scrum. By treating this experimentally pro¬ 
duced sero-nc‘gative scrum with calcium zeolite, they again obtained posi¬ 
tive flocculation reactions to the various tests. Later, they were able to 
apply this same principle to a test for syphilis by employing a suspension 
of pure sodium zeolite as an indicator. 

Pierce and Breazeale®^ then investigated the removal of divalent cations 
from solutions by beef heart antigens and found Kahn and Hinton anti¬ 
gens to be capable of removing calcium and magnesium from aqueous 
solution. The floe which is formed by this reaction releases these divalent 
ions again when it is washed with saline. On the basis of these observa- 
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lions, a new theory of the mechanism of syphilis serology was advanced, 
namely, that, in positive sera, there must be either an increase in ioniza¬ 
tion of divalent cations or some profound vectorial shift with respect to 
the ionization constant of calcium compounds causing the antigen to floe. 
At any rate, it was shown that beef heart antigens act purely in the 
capacity of an ion-exchanger and shift from a sodium salt to either a 
calcium and/or magnesium salt, thereby producing a floe. 

An obvious application for base exchange is in die preparation of salts 
by double decomposition. Thus, the sodium salt of penicillin may be 
converted to the calcium salt by passage over a calcium exchanger. In 
some cases, it may be desirable to convert a soluble salt into a less soluble 
one. This is the principle upon which many of the chromatographic 
separations using ion-exdiange adsorbents are based. The formation of 
a less soluble salt delays the passage of the compound through the column. 

When cations are present as contaminants in crude reaction mixtures, 
base exchange can be especially useful. For example, the various cationic 
contaminants may be exchanged for a single one capable of easy removal. 
Harmful or poisonous cations may be exchanged for harmless ones. 

Sugar juices have been commercially purified by means of base- 
exchange. A natural Ca zeolite was used by Harm, in to replace 

molasses-forming sodium and potassium ions in sugar solutions with cal¬ 
cium ions. Jeanprost*® reported on the treatment of diluted molasses 
with a Pb-zeolite. Lead salts in solution were later removed by passing 
the liquid over an ammonixim exchanger. AusterweiP» used NH4- 
zeolites to reduce substantially the ash content of sugar solutions. NH 4 
ions which passed into the sugar juice were removed in the form of 
ammonia by evaporation. 

Jones®® has found that the conversion of calcium and magnesium 
chlorides in petroleum to sodium chloride by a sodium exchanger results 
in reduction of corrosion in refinery equipment. Bahrdt^^ has used cation 
exchange for the removal of interfering metals in an analytical determina¬ 
tion of sulfate. 

One of the earliest adaptations of base exchange to laboratory problems 
was that of Folin,®’’^ who, in 1917, developed a method for the determina¬ 
tion of ammonia in urine. Sodium permutit (later called Folin Decalso), 
is used to “adsorb” the ammonia. After washing, the adsorbent is treated 
with sodium hydroxide and Nessler’s reagent, the ammonia nitrogen being 
determined colorimetrically. 

Ammonia in other fluids may also be determined in this manner. A 
common way to prepare ammonia-free water is by adding a powdered 
sodium zeolite. 

Bird^® has used cation exchangers in the preparation of sols of silicic 
acid and other acidic oxides. According to his patent, relatively pure 
silica sols are obtained by treatment of a dilute solution of sodium silicate 
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with a hydrogen exchanger. The sodium ion in the silicate solution is 
replaced by hydrogen to give a silicic acid sol in the efiSuent: 

H • ^ + NaaSiOs Na • ^ + HaSiOg 

The introduction of carbonaceous and synthetic resinous zeolites ca¬ 
pable of hydrogen exchange vastly broadened the possible fields of appli¬ 
cation for ion-exchangers. These newer-type adsorbents are available as 
relatively pure compounds possessing reproducible physical and chemical 
properties. Like the siliceous/ zeolites, they may be used in sodium or 
calcium cycles as base exchangers with the advantage that they have a 
greater exchange capacity per unit volume and are stable over wide ranges 
of pH. 

When used in the hydrogen cycle as shown in reaction 2, adds are 
formed. This reaction is espedally important when employed together 
with add-removing adsorbents (reaction 3) to effect complete removal 
of electrolytes from solution. This will be discussed, later, in connection 
with demineralization. 

The exchange of metallic cations for hydrogen offers many other inter¬ 
esting possibilities. 

Foremost among these is the possibility of an “add machine”. If a 
solution containing cations is passed through a hydrogen exchange column, 
the effluent will be found to contain an amount of add equivalent to the 
cations originally present. 

Polls and Reinhold®® have used this prindplc to determine total base in 
serum. 0.2 ml. of serum is added dropwise to a micro column of a 
synthetic hydrogen exchange resin. The column is washed with water 
and the effluent titrated with standard alkali. Since base which is com¬ 
bined with carbonate or bicarbonate will yield H 2 CO 8 , it is necessary to 
do a COa combining-power determination on another portion of the same 
serum. The two results, when taken together, represent a value for total 
base which compares very favorably with that obtained by the more 
cumbersome method of electrodialysis. 

A hydrogen exchanger is made to serve a dual purpose in the manu¬ 
facture of high-grade pectin.®® Metallic cation impurities are removed 
and acid for hydrolysis is provided by the hydrogen exchange. Similarly, 
the production of a palatable artichoke syrup®® and the inversion of sucrose 
solutions may be aided by hydrogen exchangers. 

The use of zeolites in the concentration of metal traces offers promise. 
Little work has been done in this direction. Abrahamcj*^ has shown that 
by permutitic exchange minute amounts of iron can be isolated and deter¬ 
mined. Ten liters of distilled water containing 0.0025 pa^ per million 
of ferrous iron were run through a 50 x 450 mm. column of “neopermutit* 
(about 400 g.). One hundred ml. of warm saturated sodium chloride 
solution were then passed slowly through the column in the reverse direc- 
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tion, followed by 150 ml. of wash water. Iron was determined colori- 
metrically in an aliquot of the combined solutions, and 90 per cent of 
that added was found. 

ADSORPTION OF ORGANIC CATIONS 

An observation, in 1921, that adrenaline could be removed from solu¬ 
tion by shaking with permutit prompted Whitchorn to investigate the use 
of this base exchanger as a reagent for amincs.^^ He investigated not only 
what kinds of substances can be removed from solution by base exchange, 
but also in what ways this reaction can be affected by chemical and 
physical conditions. The adsorption of fifty-two organic compounds was 
studied qualitatively, and fundamental facts concerning the quantitative 
aspects of base exchange were disclosed. 

Whitehom showed that permutit could be used to separate relatively 
strong nitrogenous bases, having a dissociation constant of 5 x 10"® or 
greater, from weaker bases and non-basic substances. He found that more 
of a given base could be removed from neutral solution than from acid 
or alkaline solution. Bases could also be removed from solution in varying 
concentrations of ethyl alcohol, in amyl alcohol, and in ether. 

For the quantitative removal of bases from solution, it was shown that 
filtration through the exchanger is preferable to agitation because (1) 
there is no accumulation of the sodium salt formed by the reaction which 
would tend to reverse it; (2) succes.sive portions of a relatively large 
volume of fluid can be rapidly brought into intimate contact with the 
exchanger; and (3) easily oxidizable substances are saved from destruction. 

To liberate the bases from the exchanger, Whitehom investigated the 
use of sodium hydroxide, sodium cyanide, and potassium chloride. Of 
these, he found a saturated aqueous solution of potassium chloride to be 
the most generally useful reagent. Using this technique, he reported the 
recovery of 92 per cent of adsorbed ethylamine nitrogen and 85 per cent 
of adsorbed choline nitrogen. 

Later,®® Whitchorn developed a chemical method for estimating 
epinephrine in blood using silicic acid as the exchange adsorbent and 
sulfuric acid as the eluent. 

The fundamental observations of Whitehom ]>rovidc the necessary 
background for the use of ion-exchangers in the recovery of organic 
cations. 

One of the most useful applications of this technique has been in the 
isolation of alkaloids. A typical application is that of Oberst, who used 
permutit in the determination of morphine in the urine of morphine 
addicts.®® Saturated sodium carbonate was used to liberate the alkaloid 
in the presence of the Folin-Denis phenol reagent. The blue color formed 
by the reaction of the alkaloid with the reagent was read colorimetrically. 

The commercial application of ion-exchange to alkaloid recovery was 
greatly enhanced by the development of the synthetic hydrogen 
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exchanprs. Relatively large amounts of alkaloids could be adsorbed 
from dilute acidic solutions. Higgins'^® and Riley'^^ patented the use of 
nicotine-containing hydrogen exchangers as horticultural poisons. Tiger 
and Dcan®^ disclosed a procedure for obtaining concentrated solutions of 
nicotine salts by passage of an aqueous extract of tobacco over a hydrogen 
exchanger and subsequently liberating the nicotine in the form of its 
hydrochloride by means of constant boiling hydrochloric acid. 

The use of a hydrogen exchanger to adsorb quinine from acid solution 
and to concentrate the alkaloids in a totaquine preparation was reported 
by Applezweig.*^ The recovery of the alkaloids from the exchanger was 
accomplished by means of alkali regeneration and solution in an organic 
solvent. 

This communication also suggested the application of ion-exchange to 
alkaloid extraction by means of a cyclic system. Such a technique would 
permit the acid percolate to pass through a column of exchanger and 
return to the percolator in a continuous fashion. Thus^ the drug would 
be constantly exposed to an extraction fluid free from alkaloids but 
saturated with respect to non-cationic ingredients. 

Based upon these principles, a commercial installation for the isolation 
of scopolamine from cultivated datura plants was put into operation in 
the summer of 1944. The procedure proved sufficiently versatile to 
permit its adaptation to a field process for the manufacture of Cinchona 
alkaloids from low-quality green bark in jungle areas.^^ A portable unit 
was designed at the Engineer Board, Fort Belvoir, Va., which is capable 
of extracting the alkaloids contained in 13,000 lbs. of green bark per 
month with the use of approximately 1,000 lbs. of chemicals. The losses 
and much of the expense involved in the drying, grinding, and shipping 
of Cinchona bark to extraction plants may thus be eliminated. 

The findings of Whitehom that organic bases of moderate strength 
could be removed from solution by base exchange suggested to Cerecedo 
and Honnessy the idea of using zeolites for the isolation of vitamin Bi.^'" 
Extracts of rice polishings, brewer’s yeast, and wheat germ were passed 
hot over a bed of Dt^ealso (a synthi'tic siliceous z(‘olitc) which had previ¬ 
ously been stirred with sulfuric acid at a pH of 4. The adsorbed vitamin 
was then released by exchange with ammonium ion from a hot molar 
solution of NH(NOjj. A single silver precipitation, followed by a pre¬ 
cipitation with silicotungstic acid, yielded highly potent concentrates, 
from which, on rccrystallization, crystals of pure vitamin hydrochloride 
could be obtained. 

The successful commercial synthesis of thiamin precluded the wide 
use of base exchange for the recovery of this compound from natural 
sources, but the method of Cerecedo and Hennessy has become a standard 
one for the determination of vitamin Bi in foodstuffs and physiological 
fluids.*^^* 

Recently, Hcrr^® studied the use of synthetic cation exchange resins 
in the separation, recovery, and concentration of thiamin. It was found 
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that the acid-regenerated form of the resin completely removes thiamin, 
for which the resin has a large capacity, in the presence of riboflavin. 
Since riboflavin is not adsorbed under the conditions in which thiamin 
is completely removed, the separation is satisfactory. Thiamin is eluted 
in excellent yields by passage of strong mineral acid through the column. 

The afflnity of riboflavin for the resinous hydrogen exchanger was found 
to be much less than that of thiamin. Also, elution of riboflavin could 
be accomplished with a lower concentration of acid than that needed for 
thiamin recovery. 

The purity of the eluate was found by Herr to be satisfactory for 
thiochrome analysis. For the recovery of thiamin from natural sources, 
the resin offers a distinct potential advantage over siliceous zeolite as an 
adsorbent; namely, elution can be accomplished with a volatile acid 
instead of a salt which cannot be removed readily from the eluate. 

Although Binkley and co-workers have reported on the use of a Decalso 
column in the isolation of vitamin in this case the adsorbent did not 
serve as an ion exchanger. The vitamin was removed from a petroleum 
ether solution and eluted by means of benzene in petroleum ether or 
acetone. 

In 1932, Lejwa®* purified the gonadotropic hormone by shaking urine 
with permutit for 2 hours and then eluting the adsorbed hormone with 
dilute NH 4 OH. Active crystalline material was thus obtained which 
assayed 1,000 mouse units per mg. 

Katzman et were able to prepare concentrates of the hormone 
possessing 8,500 I.U. per mg. by adsorption on permutit and elution with 
an alcoholic solution of ammonium acetate. Adsorption from acidified 
pregnancy urine was found to take place at pH 4, but very little hormone 
was adsorbed at pH 5. If the hormone functions as a cation in the ionic 
exchange, then this would indicate that pH 4 is below its isoelectric point. 
Since evidence by other investigators places the isoelectric point between 
pH 3 and 3.5, the authors admit that it is possible that some other physical 
phenomenon is responsible for the adsorption. 

Potts and Gallagher’’^® used ‘Tolin permutit** to separate, in high yield, 
the oxytocic and pressor principles of pituitary extract. The pressor 
hormone, a more basic ampholyte than the oxytocic principle, is adsorbed 
on the base exchanger. The separated principles offer a marked advan¬ 
tage for the further purification of the two products, since the losses are 
slight and the separation of the two activities is fairly complete. The 
pressor principle was adsorbed from aqueous solution and eluted with 
10 per cent sodium chloride solution. 

The adsorption of the active principle of hypertensin upon a hydrogen 
exchange resin has been annoimced by Cruz Coke, Gtanzalez, and Hulsen.®’’^ 
No effective elution procedure was, however, found by these investigators. 

A method for the determination of citrulline and allantoin based upon 
the cation exchange removal of the former from serum containing both 
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compounds was described by Archibald, in 1944.'^ In developing this 
method, Archibald investigated quantitatively the adsorption by ZeoKarb 
and Amberlite IR-100 of citrulline, allantoin, allantoic acid, alloxanic 
acid, alloxan, alloxantin, parabanic acid, methylurea, phenylurea, and 
thymol. 

McColloch and Kertesz®® reported separation of pectin-methylesterasc 
and pectin-polygalacturonase from a commercial pectinase by the action 
of a cation exchange resin. The authors explained their results in the 
following way: 

The removal of pectin-methylesterase, but not of pectin-polygalac¬ 
turonase, will be accomplished where the pH of the solution is below the 
isoelectric point of the methylesterase but still above that of the polygalac¬ 
turonase. The authors had observed the different behavior of these two 
enzymes towards acids, and the fact that they had different pH optima 
made it likely that they would behave differently on ion exchange columns. 
They believe that the method will prove applicable to the separation of 
some other enzymes. 

Among the bases which Whitehom found removable from solution by 
permutit, were the basic amino acids, arginine, histidine, and lysine. 
Dubnoff®^ applied this finding to the separation of arginine from a protein 
hydrolysate for subsequent estimation by the Sakagudii reaction. 

Archibald was able to prepare glutamine solution free of contaminating 
arginine by passage of the contaminated solution through a bed of 
Decalso.® The eflSiuent contained 90 per cent of the glutamine, but no 
arginine. The column was then washed with water to yield all of the 
glutamine left in the column and 25 per cent of the adsorbed arginine. A 
final washing with 3 per cent sodium chloride yielded the remaining 75 
per cent of adsorbed arginine and no glutamine. 

The use of strong neutral salt solution for the removal of the basic 
amino acids from siliceous sodium zeolites interferes seriously with subse¬ 
quent isolation and purification steps. Block, in 1942, developed a method 
for the separation of basic amino acids from the other constituents of 
protein hydrolysates based on the use of hydrogen exchange resins.^®* 
The basic amino acids are recovered in the form of a concentrate by 
treating the adsorbates with 7 per cent HCl. 

At about this time, a number of workers were investigating the possi¬ 
bility of using ion exchange to sort amino acids into three groups: the 
acidic amino acids, held by the acid-binding resins; the basic amino acids 
by cation exchange; and the essentially neutral amino acids which might 
reasonably be expected not to be held by exchange adsorbents. Using 
synthetic resin exchangers, Freudenberg, Walch, and Molter®® found that 
all amino acids could be taken up by a cation exchanger and preferential 
elution would have to be used in recovery of different fractions. Trypto¬ 
phane was specifically separated from other amino acids by Turba, 
Richter, and Kuchar, using an organic cation exchanger.®® 
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Englis and Fiess^® and^ later. Cleaver, Hardy, and Cassidy^® reported 
on the conduct of amino acids in various exchange reactions. Their work 
confirmed the fact that hydrogen exchangers were capable of adsorbing 
all amino acids to some extent. 

The latter investigators explain this seeming deviation from the hypo¬ 
thetical by the fact that the acidifying action at the surface of the resin 
brings all amino acids at least partially into the cation form and thus 
makes them “exchangeable”. Also, “onium” formation may occur at the 
surface of the resin, converting a strongly acid resin, strongly acid due to 
sulfonic acid groups, into a less strongly acid adsorbate-resin, acid now due 
to carboxylic groups. The ammonium and sodium forms of the resins, 
on the other hand, were found by Cleaver, Hardy, and Cassidy to be 
quite selective for the cationic amino acids. 

These authors also discussed their data with a view to the use of ion 
exchangers for chromatographic separations. They predict the possibility 
of separating arginine and histidine in this manner, since they have 
different adsorption isotherm slopes. 

Sims^^ has improved on the Dubnoff determination of arginine by 
chromatographically separating it from glycocyamine. Both compounds 
give the Sakaguchi reaction. By careful control of the flow rate and salt 
concentration in a sodium resin exchange cycle, the glycocyamine is suc¬ 
cessively passed down the column and eluted in advance of the arginine. 

ACID ADSORPTION AND DEMINERALIZATION 

Since whole molecules of acid arc adsorbed by the amine-type resins, 
it may be said that these exchangers really act as acid adsorbents (reac¬ 
tion 3). Acids so adsorbed may be recovered by displacement with 
another acid, or in the form of a salt by regeneration of the exchanger 
with an alkali. 

Unlike the base exchangers, there were no anion exchangers in common 
use as adsorbqnts prior to the advent of synthetic resinous exchangers. 

The researches of Adams and Holmes, in 1935,- and of Griessbach, in 
1939,'’*® made possible the production of basic resinous adsorbents. Since 
these adsorbents have been commercially available, many possibilities for 
these valuable tools have been realized. 

As has been mentioned previously, the use of acid-binding resins for 
the removal of acidic amino acids is an important one. When Block^® 
isolated basic amino acids by means of a hydrogen exchange resin, he first 
pre-treated the protein hydrolysate to remove excess acid. This was 
accomplished by vacuum evaporation and finally by stirring with acid¬ 
binding resin until the reaction of the solution was approximately pH 6. 
In same year, Freudenberg, Walch, and Molter®^ showed that 
acidic amino acids were adsorbed preferentially by an acid-binding resin. 
Cannan^^ used a basic resin for the separation of the dicarboxylic amino 
acids from protein hydrolysates. Estimations of the glutamic acid and 
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aspartic acid in egg albumin, B-lactoglobulin, and edestin were reported. 
The adsorbed dicarboxylic acids are eluted, according to Gannan’s pro¬ 
cedure, with 0.25 M hydrochloric acid. The amino acids in the eluate 
are readily crystallizable, or they may be estimated by determination of 
amino nitrogen and carboxylic values, since the resin was found to be 
remarkably selective for the dicarboxylic acids. 

The observations of Gannan were confirmed and the quantitative 
aspects of the anion exchange of amino acids studied by Englis and Fiess®® 
and Gleaver, Hardy, and Gassidy.-® The latter group concludes that 
much work remains to be done before resins can be used with complete 
confidence in the analytical separation of amino acids, but they offer 
many stimulating suggestions regarding new techniques which should be 
tried. 

A neat illustration of one of the many ways in which acid-binding 
resins can be used is that of Buc, Ford, and Wise.^® This group, while 
working upon an improved synthesis of ^-alanine, was faced with the 
problem of liberating jS-alanine from its hydrochloride. The use of lead 
oxide for this purpose was found to be tedious and troublesome. Attempts 
to use aniline or pyridine in methanol were unsuccessful. A method 
using pinene for this purpose was reported by Austin^^ to give only a 50 
per cent yield. Buc, Ford, and Wise found that, when an aqueous solu¬ 
tion of pure ^-alanine hydrochloride is passed through a bed of the acid¬ 
binding resin, the resulting effluent is substantially chloride-free. The 
yield of chloride-frcc jS-alanine is 93 per cent when pure j8-alanine hydro¬ 
chloride is used, or 83-88 per cent when the crude hydrochloride is used. 
Since the monoaminomonocarboxylic and the basic amino acids are not 
adsorbed by acid-binding resins, this method would prove generally useful 
for obtaining other amino acids from their anion sails. 

When REACTION 3 (acid adsorption) is used in combination with 
REACTION 2 (hydrogen exchange) the technique referred to as 
demineralization or deionization becomes possible. Thus, when a salt 
solution is passed through a tandem setup, first through a hydrogen 
.exchanger and then through an acid adsorbent, an acid is formed in 
column one where the cation has been exchanged for hydrogen, and the 
acid is removed in column two, thus removing the anion and yielding 
a solution free from electrolytes. 

The possibilities for demineralization were immediately realized by the 
commercial water-conditioning organizations, whose engineering staffs 
have now made possible the production, at very low cost, of demineralized 
water which is said to compare favorably with that obtained previously 
by distillation.^^* 

Liebig, Vanselow, and Ghapman®^ have pointed out the suitability of 
water purified by ion exchange resins for the caring of plants in con¬ 
trolled nutrient cultures. Objectionable traces of copper and other heavy 
metals which may occur in distilled water arc absent from ion exchange 
water. 
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The removal of ionic contaminants from solutions of non-electrolytes 
should be of considerable interest to the organic chemist and biochenoist. 

Smit'^® proposed the demineralization of solutions of non-electrolytes by 
passage over ion exchange adsorbents. His patent describes the purifica¬ 
tion of glucose solutions, paraffin, and other impure liquids, by treatment 
with a hydrogen exchanger and subsequently removing the free acid by 
means of an acid adsorbent. 

Another application of ion exchange for the complete demineralization 
of non-electrolyte solutions was that of Holmes^® who purified gelatin 
solutions by passage alternately over a bed of cation and anion exchange 
adsorbent. 

Rawlings and Shafer, in 1942,*^^ reported on the demineralization of 
clarified sugar cane juice. They found that, in a commercial process, 
cation and anion exchangers removed 95 per cent of the ash, 32 to 50 
per cent of the original impurities, and 50 per cent of the color. A similar 
process for the purification of beet juice was described by Weitz, in 1943.®^ 
Applying such a procedure in the laboratory, Platt and Clock®® used 
demineralization to purify an extract obtained from muscle preliminary 
to the estimation of the inositol content. By this treatment, the inositol- 
containing solution was obtained in a purer condition than by the con¬ 
ventional precipitation procedures previously used. 

Williams and Johnson®® have devised an improved technique for the 
determination of pectin. They fotmd that pectin can be quantitatively 
determined by electrodeposition, provided the electrolyte concentration 
of the solution is low. Ion exchange resins were used to effect this lower¬ 
ing of electrolyte concentration. Here, again, is a method of broad pos¬ 
sibilities: the isolation of electrically charged colloids by electrodeposition 
from solutions which have been “deashed” by ion exchange. 

Tandem column operation is often useful where the desired ingredient 
of a mixture is exchangeable. McCready and Hassid®® found that the 
preparation of the Gori ester from starch by Hanes’ procedure can be 
very much shortened by using ion exchange adsorbents. Following 
phosphorolysis of the starch in the presence of phosphate buffer and 
the precipitation of inorganic phosphate, the reaction mixture was first 
passed through a column of hydrogen exchange adsorbent, which removed 
cations from solution. The effluent was then nm through an acid- 
adsorbing column, where the glucose 1-phosphate, being a strong acid 
with high exchange capacity, was adsorbed. Soluble impurities including 
dextrins, proteins, and weak organic acids passed through unchanged. 
The glucose 1-phosphate was then eluted from the adsorbent with dilute 
alkali and isolated as llie crystalline dipotassium salt. 

Since cation exchangers had been used in the preparation of sols of 
acidic oxides,^® Ryznar used anion exchangers for the preparation of 
hydrous oxide sols.*^® An alkali-regenerated anion exchanger was used 
in the preparation of sols of hydrous aluminum oxides, ferric oxides, and 
other metal oxides. 
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If the alkali-regenerated anion exchanger is considered to act only 
as an acid-binding agent, the reactions may be expressed as follows: 

( 1 ) 2AICI3 + 6 H 2 O ^ 6HG1 + AlsOg + 3 H 2 O 

(2) 6 B + 6HC1->6B*HC1 

SO4 , Cl“ NO3" and other anions may be removed in this way. The 
process is most successful when very dilute solutions are used. When 
concentrations of more than 1 per cent Eire used, aluminum and ferric 
sols show a tendency to precipitate and clog the bed. 

Ryznar further demonstrated that a combination of cation and anion 
exchangers could be used to purify colloids formed by other methods. 
Colloidal sols formed by double decomposition or hydrolysis can be passed 
through the two exchange beds in series with a resultant removal of most 
of the electrolytes. This method was found to be simpler and quicker 
than the use of dialysis for the same purpose. 

The preparation and properties of a protein-formaldehyde add-binding 
resin were reported by Bhatnagar and associates.^® 

Adsorption experiments with fumaiic, maleic, and citraconic adds 
showed that with NHa-condensed and amino resins the adsorption of cis 
acid is greater than that of trans add. This paper also discussed the 
adsorption of oxalic, malonic, sucdnic, aconitic, mono-, di- and tri¬ 
chloracetic, cyanacetic, hydroxyacetic, aminoacetic, propionic, chloropro- 
pionic, lactic, amino-propionic, pyruvic, levulinic, dibromosuccinic, 
malic, tartaric, aminosuccinic, and citric adds. 

When it is desired to isolate organic adds which are in solution in the 
form of their salts, the demineralization procedure may also be resorted 
to. The recovery of tartrates from grape wastes by ion exchange was 
studied by Matchett et Perhaps 10 million pounds per year of tar¬ 
taric add are potentially available from the waste pomace and still slops 
of the grape juice pressing and wine and brandy making industries. The 
tartaric acid, which is present mostly as potassium bitartrate, is first con¬ 
verted to the free add by passage through a hydrogen exchanger. The 
add is then adsorbed on an anion exchanger from which it may be 
released by regeneration with sodium carbonate. A solution of the sodium 
salt is obtained which is from ten to twenty times as concentrated as the 
original slop and substantially free from the many impurities that would 
accompany it through a similar evaporative concentration. In the final 
step, calcium chloride is added to predpitate the tartrate in the form of 
a relatively pure caldum salt. 

AMON EXCHANGE 

In their study of tartrate recovery, Matchett and his group made several 
interesting observations regarding anion-exchange phenomena. When 
solutions of potassium bitartrate were passed over anion exchangers which 



308 


ANNALS NEW YORK ACADEMY OF SCIENCES 


had been regenerated with sodium hydroxide, tartrate ion was fixed to an 
extent equivalent to precisely half of the total present, while the other 
half passed through as the normal salt. When a sodium carbonate regen¬ 
erated anion exchanger was used, a larger amount of tartrate was removed 
and an equivalent quantity of carbonate ion appeared in the effluent. 

From this, the authors infer that both regeneration and loading are 
definite anion-exchange phenomena. “Beds regenerated with carbonate 
retain an equilibrium load of carbonate ion, and this can be replaced 
under the conditions outlined by tartrate. Beds regenerated with caustic 
alkali solutions would not retain anions and acid adsorption would proceed 
through fixation of hydrogen ion with consequent retention of an equiv¬ 
alent anion.” 

Further experiments by this group have shown that it is possible to set 
up a definite replacement scries of anions and that the course of exchange 
will be fixed by the relative positions of the ions involved and their 
activity in the solution. For example, tartrates may be recoverable from 
U7t acidified still slop by exchange with chloride on an anion exchanger 
regenerated by means of a sodium chloride solution. 

In a similar study, Buck and Mottern-® attempted the purification of 
apple syrup by ion exc'hange. It was hoped that ion exchange would 
remove malic acid and also reduce the lead and arsenic content. It was 
found that about 80 to 90 per cent of the acid is removed and a palatable 
syrup is produced by treatment wdth a single anion exchanger. A variable 
amount of arsenic is removed by the single treatment. To ensure a more 
complete removal when it becomes necessary, a two-step (cation-anion) 
or a three-step (anion-cation-anion) exchanger treatment must be u.sed. 
As much as 96 per cent of the arsenic has been removed by the three-step 
method, and a smaller amount has been eliminated by the two-step 
method. In addition, the cation exchanger removes about 90 per cent 
of the ash. 

Additional evidence for the use of basic resins as anion exchangers has 
been provided by the work of Sussman, Nachod, and Wood^^^ on metal 
recovery by anion exchange. Metals which form complex ions may be 
recovered by true anion exchange. Use was made of the fact that treat¬ 
ment of an anion exchanger salt with a solution of a salt whose anion has 
a higher valence or weight than that of the anion already adsorbed on the 
anion exchanger, results in the displacement of the adsorbed anion by that 
of the salt in the influent solutions. Using chromium as an example, best 
results were obtained with adsorption from a neutral chromate solution 
on the exchanger chloride. Alkaline regeneration yielded a concentration 
of the complex ion in the effluent which was more than twenty times that 
in the influent. 

Certainly a most important anion is that of penicillin. While it is 
known that the use of ion exchangers in the isolation and purification of 
penicillin has been thoroughly investigated, this information has not yet 
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been made public. A short note in Science, in 1944, reported that a Soutli 
American group had used ion exchange resins for the purification of crude 
culture filtrates containing pcnicillin.^'^ The filtrate so treated retained 
all of its antibiotic activity but was free of toxicity. No details of value 
were, however, given. 

Carter et in a paper on Isolation and Purification of Streptomycin, 
describe a chromatographic procedure which is essentially one of ion 
exchange. “Alkaline alumina removes streptomycin from neutral aqueous 
solutions, and elution with aqueous acid is slow and incomplete. Acid- 
washed alumina does not remove streptomycin from an aqueous solution 
but does so from aqueous methanol. This information provided the basis 
for a chromatographic method of purification. If a faintly acid solution 
of crude streptomycin chloride in 70 to 80 per cent methanol is percolated 
over a sulfuric acid-washed alumina column (pH 5 to 6), an inactive 
fraction first appears followed by an active fraction. The active material 
contains sulfate ion but no chloride. Evidently chloride ion has been 
replaced by sulfate from the column and the streptomycin sulfate thus 
formed then passes through the column less rapidly since the sulfate is 
much less soluble than the chloride in methanol.” 

ION EXCHANGE AND CHROMATOGRAPHIC TECHNIQUES 

Because synthetic exchangers have a large capacity and react in a pre¬ 
dictable fashion, their use in procedures such as the one noted above for 
streptomycin appears inviting. Thus, by exchange, less soluble salts may 
be formed which delay the passage of the compound through the column. 

Another variation in technique is possible in the case of compounds such 
as the alkaloids. Here, adsorption takes place from aqueous solution by 
exchange with hydrogen ion in a cation exchanger. Elution, however, 
requires that the adsorbent be made alkaline and then leached with a 
solvent. The alkaloids may be separated by collection of portions of the 
eluate in the manner of the typical liquid chromatogram. 

Direct visual observation of chromatographic banding on synthetic 
resins has been reported by Myers, Eastes, and Urquhart.®*^ Light orange 
anion exchange resins were noticed to form a reddish-orange band super¬ 
imposed on a brown band when a mixture of hydrochloric and sulfuric 
acids was flowed through the column of the resin. Analysis revealed that 
the reddish-orange band was the pure hydrosulfate, the brown band the 
pure hydrochloride form of the resin. 

Even on darkly-colored cation exchange adsorbents, adsorption may be 
followed visually by the use of ultraviolet light. The adsorption of 
quinine upon sulfonated coal and its subsequent elution has thus been 
observed by the author. 

The use of light-colored resins treated with indicators and of finely 
powdered exchangers in classical chromatographic techniques is an invit¬ 
ing field for discovery. Even more promising are the prospects for their 
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application in the quantitative analytical techniques described at this 
conference by Dr. Claesson and Drs. Moore and Stein. Preliminary 
experiments performed by the author in the laboratory of Dr. K. G. Stem, 
utilizing exchange adsorbents as retardation barriers in the frontal analysis 
technique of Tiselius,®^ indicate that the “predictable” properties of ion 
exchangers may be put to good use. 

The techniques of displacement analysis and even partition chroma¬ 
tography may be expected to yield highly interesting results with ion 
exchangers. As new exchange adsorbents become available through syn¬ 
thesis, the horizons for ion exchange techniques may be expected to 
broaden and further to enrich the contributions of chromatography to 
chemical research. 
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THE SUKFACE AREAS OF SOME SOLID 
ADSORBENTS OF POSSIBLE USE 
IN CHROMATOGRAPHY 

By Victor R. Deitz 

National Bureau of Standards^ Washington, D C, 

Most of the adsorbents available to research workers in chromatog¬ 
raphy are, naturally, those intended for industrial use. One problem 
with which all manufacturers of commercial adsorbents have to contend 
is the reproducibility of the product. Modem control methods are tend¬ 
ing towards a more uniform product, but it is a fact that fluctuations do 
exist in the adsorptive properties of various consignments. Consequently, 
a research laboratory which plans to undertake a modest investigation 
using some one adsorbent, can best serve its future needs by purchasing 
about one hundred pounds of the adsorbent, mixing it well, and placing 
this stock in storage. Two-gallon narrow-neck rubber-stoppered glass 
bottles make convenient storage containers for laboratory work. 

Since the commercial adsorbents are intended for industrial applica¬ 
tion, they are designed for use cither in filtration through columns or in 
a batch process by agitation with the solution which requires subsequent 
filtration. This situation limits the available particle sizes. Practical 
aspects dictate that the particle sizes for the adsorbents used in column 
filtration lie in the range between 4-mesh and 40-mesh. Uniformity in 
particle size has not been stressed as much as it should be. In the batch 
process, the manufacturer would like to use as small a particle size as 
possible, since, thus, the adsorbent appears to best advantage in com¬ 
mercial application. However, the necessary subsequent filtration opera¬ 
tion usually places a limit on the amount of very small particles that may 
be added. Too fine a particle size would consume too much filter aid 
in order to obtain the required filtration rates. 

The commercial solid adsorbents of the United States of possible use 
in chromatography are listed in table 1. The division into four groups 
is not claimed to be unique. Also, no claim is made for completeness. 
The choice of an adsorbent for use in chromatography is made primarily 
on an empirical basis and great ingenuity has been exercised by the vari¬ 
ous investigators in matching the adsorbent or mixture of adsorbents to a 
particular problem. 

It has been pointed out by Drake and Ritter^ that porous materials are 
characterized by two related qualities: first, a particle density which is 
appreciably lower than the true density of the material, and, second, a 
surface area which is greater than the observable geometric surface area. 

(315) 
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Table 1 

Solid Adsorbents in the United States for Possible Use in 
Chromatography* 


Name 


Manufacturer 


A: Carbon Adsorbents 


1. Activated Carbons from coal 

2. Blood charcoal, acid washed^ 

3. Bone Char from the pyrolysis of 
animal bones 


4. “Cliffchar” from wood charcoal 

5. Columbia Activated Carbons 
from coconut shells and hard 
nuts 

6 . “Darco” Carbons from lignite or 
wood 

7. “Minchar” from carbonaceous 
slate 

8 . “Norit” Carbons from pinewood- 
charcoal 

9. “Nuchar” Carbons from paper- 
pulp waste liquors 

10. “Suchar” from paper-pulp waste 
liquors 

11. Sugar Charcoals 

12. “Weschar” from lignite 


Pittsburgh Coke and Chemical Company, 
Pittsburgh, Pa. 

Eimcr and Amend, New York, N. Y, 

American Agricultural Chemical Com¬ 
pany, Detroit, Mich. 

Baugh and Sons Company, Philadelphia, 
Pa. 

Consolidated Chemical Industries, New 
York, N. Y. 

Cliffs-Dow Chemical Company, Mar¬ 
quette, Mich. 

Carbide & Carbon Chemicals Corpora¬ 
tion, New York, N. Y. 

Darco Corporation, New York, N. 'f'. 

Minchar Manufacturing Co., Elmira, 
N. Y. 

American Norit Company, Inc., Jackson¬ 
ville, jFla. 

West Virginia Pulp & Paper Company, 
New York, N. Y. 

West Virginia Pulp & Paper Company, 
New York, N. Y. 

Laboratory Supply Firms 

Western Filter Company, Denver, Col¬ 
orado 


jB: Mineial Adsorbents 


1. Activated Alumina from bauxite 
ores 

2. “Alba-floc”, a finely divided 
CaSOj 

3. Attapulgus^ clay products from 
clay deposits 

“Diiocel”, from bauxite 

4. Bleaching Clay number 260 

5. “Celite’^ Filter Aids, diatoma- 
ceous earths 

6 . “Crystalite”, a zeolite for water 
softening 

7. “Dicalite” Filter aids, diatoma- 
ccous earths 


Aluminum Ore Company, Ejist St. Louis, 

U, S. Gypsum Company, Chicago, Ill. 

Attapulgus Clay Company, Philadelphia, 
Pa. 

Industrial Minerals & Chemical Co., 
Berkeley, Calif. 

Johns Manvillc Corporation, New York, 
N. Y. 

Infilco, Inc., Chicago, Ill. 

Dicalitc Company, New York, N. Y. 


• A more comprehensive tabulation may be JTound in: Victor R. Deitz. liibliography of 
Solid A^orbents* 958 pp. (J. M. Blown, Committee Chairman, Kevore Sutrar Refinery, 
833 Medford St., Ghailestown 29, Mass. 1944). 
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Table 1 (continued) 
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Table 1 {continued) 


Name 


Manufacturer 


9. (Micron Brand Magnesium ox¬ 
ide, #2641) 

10. Magnesium trisilicate “Mag- 
nesoF* 

11 . Magnesium trisilicate, “Florisil'’ 

12. Magnesium trisilicate No. !i4 

13. “Santoccr*, a silica aerogel 

14. “Silene EF”, a synthetic, hy¬ 
drated calcium acid silicate 

15. Silica gel 'Trotex-Sorb” 


Wcstvaco Chlorine Products Gorp., New 
York, N. Y. 

Wcstvaco Ghlorim; Products Gorp., New 
York, N. Y. 

Floridin Company, Inc., Warren, 

Philadelphia Quartz Company, Ltd., 
Berkeley, Calif. 

Monsanto Chemical Company, Boston, 
Mass. 

Columbia Chemical Division, Pittsburgh 
Plate Glass Company, Barberton, Ohio 

Davison Chemical Company, Baltimore, 
Md. 


D: Organic Compounds 


1. “Ambcrlitc” ion-exchange resins: 

IR—1, IR—100 cation ex¬ 
changers (phenol-formalde¬ 
hyde) 

IR-4, acid-adsorbent (amine- 
formaldehyde) 

2. Cellulose, many sources, one 
being filter paper shredded in a 
Waring Blcndor 

3. “Deacidite”, ion exchange resin 

4. “Duolites”, ion exchange resins 

5. Inulin 

6 . “lonac”, ion exchange resins, 
made from melamine compounds 

7. Lactose 

8 . Sucrose—multiple X Confec¬ 
tioners’ powdered sugar with 3% 
starch 

9. “Zeo-Karb”, a carbonaceous zeo¬ 
lite from coal 


Resinous Products & Chemical (lo., 
Philadelphia, Pa. 


The Permutit Company, New York, N. Y. 
Chemical Process Company, San Fran¬ 
cisco, Calif. 

Eimer and Amend, New York, N. Y. 
American Cyanamide & Chemical Go., 
New York, N. Y. 

Eimer and Amend, New York, N. Y. 
Cane Sugar Refineries 


The P<Tnmtit Company, N(‘w York, N. Y. 


This observation is true for most solid adsorl^cnts since they, loo, may bo 
rather porous substances. 

It has been amply demonstrated in a great number of recent investiga¬ 
tions that the extent of surface is the factor of decisive importance in 
physical adsorption. In chemisorption, and in adsorption from solutions, 
the extent of surface is an important auxiliary factor in determining the 
progress of a chemical interaction of the surface with the adsorbate. 
Previous to the work of Brunauer, Emmett, and Teller,the extent of 
surface could be determined, by the then available methods, only with an 
accuracy corresponding to a 2- to 4-fold order of magnitude. It is now 
possible, by means of the determination of adsorption of nitrogen at low 
temperatures, to ascertain the surface area with an ab.solute accuracy of 
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Table 2 

Surface Area and Density of Some Solid Adsorbents 


Material 

Surface aica 

Density gms./ml. 

Refer- 



Bulk 

Particle 

True 

cncc 

A: Carbon Adsorbents 

Bone char, new 

120 

Na at-195“ 

0.8 


2.88 

2,7 

Coconut-shell chaicoal 

1700 


_ 

_ 


2 

^‘Darco G 60” 

1300 

(k 

_ 

_ 

_ 

2 

“Darco S 51” 

500 

(i 

_ 

_ 

_ 

2 

Granular “Darco” 

620 


_ 

_ 

2.14 

3 

“Darco” carl)on 

560 


0.36 


2.086 

1 

“Columbia” carbon 

1397 

(k 

0.42 

0.754 

1.897 

1 

Graphite, powdered 

30.73 

C( 

— 

_ 

2.26 

4,7 

Carbon blacks: (see also 26) 







“Arrow black” (.03 p) 

112 

(k 

. 


— 

2,4 

“Acetylene black” (.05 

64.5 


— - 

— 

— 

4 

“Microncx” (.03 p.) 

106.7 

<k 

. _ 

_ 

_ 

4 

“I'heniiatoniic carbon” 

6.81 

C( 

- , 

_ 

_ 

4 

(.5 |i) 







“Norit” 

930 



— 

2.04 

2,7 

“Suchar” 

850 

Ck 

- - 



2 

Petroleum coke 

0,52 

<c 


_ 

— 

2 

“Zeo-carb” 

0.2 

C( 

— 

— 

— 

7 


B: Mineral and Inorganic Adsorbents 


Activated alumina, “Alorco” 

200 

N3at-195" 



. 

5 

Activated clay -6 

147 

(C 

0.81 

1.242 

2.495 

1 

Activated clay -7 

223 

(C 

0.68 

1.111 

2,614 

1 

Activated alimiina desiccant 

175 

(C 

0.81 

1.547 

3.675 

1 

Alumina, synthetic 10-30 

170 

(C 

0.88 

1.58 

3.23 

10 

mesh 







.\sbestine pigment 

4.1 

HaO at 25° 

— 

— 

— 

6 

Attapulgus clay 

170 

Naat-195° 

— 

— 

— 

7 

A.sbestos 

18 

cc 

— 

— 

— 

8 

Basic carbonate white lead 

1.1 

HsOat 25° 


_ 


6 

Barytes pigment 

0.59 

(k 

— 

_ 


6 

Barium sulfate 

0.43 

(k 

-- 

_ 

— 

14 

Bauxite 8-14 mesh 

228 

N3at-195° 

0.88 

1.575 

3.622 

1 

Bauxite, Arkansas I, 10-20 

289 

(C 

0.90 


_ _ 

9 

mesh 







Bauxite, Arkansas II, 10-20 

353 

(C 

0.90 



9 

mesh 







Bauxite, British Guiana, 10- 

280 

cc 

0.90 

- -- 


9 

20 mesh 







Bauxite, French, 10-20 mesh 

82.5 

cc 

1.30 

. 

_ 

9 

Bauxite, Arkansas 1, 10-30 

236 

N2at-195° 

0.97 

,, , 


10 

mesh 






Bauxite, Arkansas 2, 10-30 

176 

cc 

0.93 

___ 

_ 

10 

mesh 






Bauxite, Arkansas 3, 10-30 

200 

cc 

0.86 


_ 

10 

mesh 
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Table 2 (continued) 


Material 

Surface area 

Density gms./ml. 

Refer- 

m.Vgm. 



Particle 

True 

ence 

Bauxite, South America, 

187 

Naat-195° 

0.96 

_ 

_ 

10 

flaky 10-30 mesh 


HaO at 25** 





Blanc fixe pigment 

2.2 

— 

— 

— 

6 

Bentonite, (<0.3 p) 

18.7 

Nflat-195‘* 

— 

— 

— 

11 

Brucine montmorillonite 

12.3 

<c 

— 

— 

— 

12 

Clay 

10 

Naat-195‘* 

— 

— 

_ 

8 

Copper sulfate, anhydrous 

6.23 

<c 

— 

— 

— 

16 

Chromium oxide gel 

228. 


— 

— 

— 

16 

ditto, sintered 

28.3 

(C 

— 

— 

— 

16 

Diaspore, AIO(OH) 

3.9 

<c 

— 

0.631 

— 

12 

Diatomaceous earth 

4.2 



2.265 

1 

Dialomaceous earth 

< 1 . 

tt 

0.29 

0.470 

2.327 

1 

Ferric oxide gel 

211 

CaHsOH 

— 

— 

— 

15 

Ferric oxide gel, water aged 

52 

<c 

0.55 

— 

— 

15 

Fullers earth 

129. 

Naat-195** 

0.860 

2.660 

1 

Giblisite, Al(OH)a 

0.31 

Naat-195** 

— 

— 

— 

12 

Glass spheres, 12-niicron 

0.216 


— 

— 

— 

17 

Glass, sized beads (7.2 p) 

0.55 

C( 

— 

— 

2.237 

14 

Glass, fritted, 8-14 mesh 

0.69 

cc 

0.87 

1.608 

— 

1 

Glass, porous (Coming Glass 

120 

cc 

— 


— 

13 

Company) 

82 





16 

Glaucosil 

C( 

— 


— 

Halloysite 

43.2 

« 

— 


— 

12 

Illite (hydrous mica. 

97.1 

<c 

— 


— 

12 

< 0.3 p) 







Kaolinite (< 0.3 p) 

15.5 

Naat-195** 

— 


— 

12 

Kieselguhr 

22.2 

cc 

— 


— 

18 

Lithoponc pigment 

2.3 

HaOat25** 

— 


— 

6 

Montmorillonite 

15.5 ! 

Naat-lOS** 



— 

12 

Montmorillonite 

11.2 

cc 

— 


— 

11 

Palladium cat^yst 

0.35 

cc 

-- 



22 

Paper, insulating 

0.55 

cc 

— 


-- 

28 

Paris while 

2 . 

cc 

—— 

— 

- 

8 

Porcelain, Coors 

1.6 

cc 

1.00 

1.801 

2.612 

1 

Potassium chloride 

0.24 

cc 




16 

(< 200 mesh) 







Pumice 

0.38 

cc 




16 

Quartz, 400 mesh 

0.361 

cc 

H 

— 


17 

Quartz, flint, 4-6 mesh 

< 1 . 

cc 

1.53 

2.610 

2.641 

1 

Silica gel 

620. 

cc 




3 

Silica gel 

765 

cc 




3 

Silica gel I, non-electrolyzed 

584 

cc 




16 

Silica gel II, electrolyzed 

614 

cc 

^^9 



16 

Silica gel 

866 

Nsat-igs" 




19 

Silica gel 

414 

cc 




20 

ditto -f 5.2% AlaOa 

541 

cc 

^^9 


^919 

20 

Silica gel, 4-8 mesh 

669 

cc 

0.77 

1.226 

2.251 

1 

Silica gel, 10-30 mesh 

602 

cc 

0.78 

1.32 

2.12 

10 
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Table 2 {continued) 


Material 

Surface area 

Density gms./ml. 

Refer- 

m.Vgni. 

Gas at ®G. 

Bulk 

Particle 

True 

ence 

Silica aerogel V 

410 

ecu 

. 

■ 


21 

Silica aerogel V 

370 

GflHc 

— 

_ 

_ 

21 

Silica aerogel III 

330 

HuO 

0.92 



21 

Silica aerogel 

393 

Butane, 0® 


_ 

_ 

15 

Silica aerogel 

690 

Na 


_ 

— 

15 

Silica aciogel, walei-aged 

186 

(—183®) 
Butane, 0® 

■ 



15 

Silica alumina gel, 4-8 mesh 

280 

Naat-195® 

1.00 

1.558 

2.369 

1 

Silica alumina gel, 4-8 mesh 

404 

C( 

0.75 

1.175 

2.388 

1 

Silica alumina gel, 4-8 mesh 

467 

« 

0.69 

1.126 

2.377 

1 

Silica alumina gel, 4-8 mesh 

372 

(( 

0.64 

0.962 

2.378 

1 

Silica alumina gel, 4-8 mesh 

409 

Cb 

0.55 

0.860 

2.402 

1 

Silica alumina gel, 4-6 mesh 

323 

cc 

0.55 

0.932 

2.405 

1 

Silica alumina gel, 4-6 mesh 

201 

<c 

0.68 

1.050 

2.343 

1 

Titanium dioxide pigment 

8.2 

EbOat25® 

- 

„ ,, 

___ 

6 

Titanium dioxide 

13.9 

Naat-195® 

_ 

■■ 

_ 

27 

Titanium dioxide 

13.8 

HsO at 25® 

— 

— 

— 

27 

Ultramarine blue pigment 

13 

C( 

— 

— 

— 

6 

Whiling pigment 

2.6 

(( 

— 

— 

— 

6 

Zinc oxide pigment 

2.4 

HaO at 25® 

— 


_ 

6 

Zinc oxide, pigment K-1602 

3,80 

Naat-195® 

— 

— 

—- 

14 

Zinc oxide, pigment F-1601 

9.48 

cc 

— 

— 

_ 

14 

Zinc oxide, pigment G-1603 

3.88 

<c 

— 

— 

— 

14 

Zinc oxide, pigment 

0.658 

cc 

— 


— 

14 

KH-1604 

Zirconium orthosilicate 

2.76 

cc 

— 


— 

14 


di35 per cent and a relative accuracy of about ±5 per cent.^® Table 2 
contains a summary of the values for a large number of surface determina¬ 
tions which have been published in the last ten years. While this tabu¬ 
lation is not complete, it does demonstrate the keen interest initiated by 
the introduction of this new experimental tool. 

The surface area available to nitrogen molecules may not necessarily be 
that available to larger molecules. Emmett and DeWitt^® have shown, 
for example, that the surface areas of a porous glass as determined with 
nitrogen, argon, or oxygen are in agreement but that determined with 
butane was about 40 per cent lower. It seems reasonable to find 
that some parts of a porous adsorbent would be available to a small gas 
molecule and not to a larger molecule. Emmett,^® however, has since 
indicated some justification for assigning to some adsorbate molecules 
larger cross-sectional areas than those calculated from liquid densities. 
For example, values of 11.3, 56.6, and 64 sq. A for the water, n-butane, 
and n-heptane molecule, respectively, instead of 10.5, 32, and 45 sq. A 
were foxmd by Emmett to make the areas of crystalline solids calculated 
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by Harkins and Jura agree witli those calculated by the BET method. 
It is important to view these area determinations as a concept of surface 
available to the particular adsorbate molecule until more is learned about 
a greater variety of adsorption systetns. 

There are other properties besides density (bulk, particle, or true 
values) and surface area which are pertinent to a physical dcscri])tion of 
an adsorbent. Particle size is an important characterization. Zeehmeister 
and Cholnoky-^ remark tliat tlic particle size of the column contents must 
not be too diverse, otherwise the finer particles may act almost like a 
different adsorbent. The particle size distribution may influence three 
important experimental quantities: (1) rate of flow; (2) channeling 
through column; and (3) sharpness of the boundaries separating zones. 
The dependence of the rate of flow on particle size is well known. Chan¬ 
neling is due to the presence of a path of least resistance to flow, and 
the chance of realizing such behavior is greater when the particle size 
distribution is broad. The reproducible packing of an adsorption column 
becomes a simpler operation when tlic pa]*ti(‘l(\s arc of uniform size. 
Variation in the sliapcs of the particle tend to cancel out on the average. 
It is apparent that the closer the kinetics of (low are to simple piston- 
displacement, the sharper may be the boundaries separating the zones. A 
closer control of particle size distiibution is one factor to which the manu- 
factm’crs of adsorbents could contribute in order to realize the standardi¬ 
zation of materials for use in chromatography. 

Relatively little progress has been made on a correlation of the chemical 
properties of various preparations of adsorbents. A chemical analysis of 
the surface layer may be only approximated from the compUite chemical 
analyses of the adsorbent itself. In some special cases, th(' structure of 
the adsorbing surface has been worked out in detail. 

In solution adsorption phenomena, it is probable that tlie adsorption 
is confined to monolayers. All components of tlic solution (‘ompctc for 
the available adsorbing surface. In dilute solutions, for example, it is 
likely that the solvent is adsorbed in great excess to the solute. It is v(uy 
desirable to know the absolute amounts of all adsorbed components, and 
this constitutes an outstanding problem in the present studios of adsorp¬ 
tion from solutions. 
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CONCLUDING REMARKS 

By Harold G. Cassidy 

Sterling Chemistry Laboratory^ Yale University, New Haven, Connecticut 

The foregoing papers arc a partial record of the Conference on 
Chromatography held by The New York Academy of Sciences. The 
record is a partial one for two reasons. Firstly, it has been impossible to 
include an interesting paper on Chromatography in the Isolation and 
Separation of the Various Penicillins by Dr. Jacques L. Wachtel, though 
Dr. Wachtel was able to speak freely on this subject and to hold some 
discussion of it Secondly, the record is a partial one because no written 
words can do justice to the discussion, to the stimulation of new ideas, or 
to the clarifications of old problems which come from such a meeting. 

In gathering the material for this monograph, the Chairman, with the 
full support of the Editors, has sought partially to redress the second 
source of incompleteness mentioned above. It was apparent from the 
discussion of papers that at least three additional topics needed attention. 
It seemed appropriate to invite Dr. Victor R. Deitz to write a paper in 
which data characterizing solid adsorbents of possible use in chromatog¬ 
raphy were gathered into h^indy, usable form. This paper should facili¬ 
tate a quantitative approach to certain of the problems of chromatog¬ 
raphy. 

Ion-exchange had not been brought formally under the scrutiny of 
the Conference, yet it is certainly assuming increasing importance as a 
tool which may be applied chromatographically. Accordingly, at the 
suggestion of one of the Editors, Mr. Norman Applezweig was invited to 
write the paper reviewing this field. It is hoped that this paper will aid 
in bringing before a wider audience the natural and synthetic exchange 
substances. 

The non-uniformity of adsorbent surfaces was a subject of uniform 
concern and frequent discussion at the Conference. It tliercfore seemed 
proper to the Chairman to invite Dr, Leo Shcdlovsky to contribute a 
paper on separations using foams and emulsions. The surfaces involved 
in mobile interfaces are likely to be of a sameness throughout the system, 
and, thus, to meet some of the requirements hoped for in the discussion 
and be worthy of further study. Moreover, while chromatography has 
concerned itself almost entirely with solid-liquid or solid-gas interfaces, 
it has seemed to the Chairman that liquid-liquid or liquid-gas interfaces 
should also come into consideration here. The experiments of Schiitz 
and others have now shown that interesting separations can be obtained 
the counter-current application of partition between the liquid-gas 
Wterfacial and bulk liquid phases. This paper by Dr. Shedlovsky may 
stimulate chromatographers to further investigation of the mobile inter¬ 
faces. 

It is perhaps worth while to report the general pattern which seemed, 
to the Chairman, to run through the Conference. 
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Chromatography, which was first devised as a tool applied empirically, 
has in the last decade or so become better understood. With understand¬ 
ing has come the flourishing development described by Dr. Zechmeistcr 
in his first paper. We are in the process, now, of further understanding 
and sharpening not only the classical Tswelt chromatography but also 
the elegant simplifications introduced by Tiselius and Claesson, and the 
ingenious and elegant “partition chromatography” of Martin and Synge. 

It is probably correct to say that, while it may look as though some 
ultimate point has been reached in the refinement and subtlety of 
chromatography as these have been revealed in the foregoing papers, yet 
experience allows us to prophesy that there will be no end to progress. 
It is quite reasonable to expect that some of those who attended the 
Conference or will read these papers will be stimulated to important 
new ideas. 

One area of investigation in which there is evident need for continued 
research and inspiration—continued, because research and inspiration 
are immanent in the foregoing papers—^is that which connects adsorb- 
ability with chemical or physical properties of molecules. It was implied, 
in the discussions, that we should expect no simple relationship to be found 
here. Yet I venture to wonder if we might not, through some principle 
of exclusion, find a simple set of relations. We may find that, imder 
given circumstances, a large proportion of the factors which might 
theoretically add complexity to this relationship drop out instead, leaving 
only one or two controlling factors to be dealt with. 

A basis for such a hope as this may be foimd in the work of Tiselius 
and his group. Here, in the face of the complexities of chromatographic 
theory so well delineated by Dr. Thomas, simplifications were wrought 
which have brought the theory under practical control. An example of 
such simplification is the use of the displacement developer, which with 
one stroke can control the behavior of the rest of the adsorbates in the 
column. Perhaps, with this precedent, we can look for further simplifica¬ 
tions, whether in technique or theory or in relations which connect struc¬ 
ture and properties of molecules with their behavior in the column. 

The need for standardized adsorbents, which was stressed especially by 
Dr. Zechmeister, has already been mentioned. 

Those who attended the Conference and who will read these pages 
are indebted to the authors. They gave freely of their time, and, in some 
cases, came from far away to contribute to the success of the Conference 
and the existence of this monograph. Theirs was a real act of faith in the 
objective of these conferences; The free interchange of scientific knowl¬ 
edge and ideas among scientists. The spirit which animated the Con¬ 
ference was in accord with the advice given by Bacon long ago: “We 
advise all men to think of the true ends of knowledge, and that they 
endeavor not after it for curiosity, contention, or the sake of despising 
others, nor yet for reputation or power or any other such inferior con¬ 
sideration, but solely for the occasion and uses of life.” 
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INTRODUCTORY REIVIARKS: A GENERAL SURVEY 
OF BIOLUMINESCENCE 

By E. Ne\\"ton H\rvey 

Osbotn Piofesioi of Biology, Fnnceton Univeisity, Piinceton. Ken Jeisey 

Bioluminescence occupies a somewhat paradoxical position among bio¬ 
logical subjects. It is not only a specialized and restricted field of inquiiy 
but at the same time a very broad one. It is restricted in that relatively 
few of the very large number of animal or plant groups have developed 
the singular ability to produce light, and broad in that it presents problems 
of the greatest interest to every branch of biolog>^—to the systematist, 
histologist, morphologist, physiologist, biochemist, and ecologist as well as 
to the student of animal behavior and of evolution. Furthermore, the 
beauty and the mystery of animal light have always aroused the interest 
of the traveler and the student of other fields such as pure chemistry’ and 
physics. 

Among the great chemists and physicists of the past who have taken 
a more than casual interest in bioluminescence are Boyle, New’ton, Frank¬ 
lin, Priestly, Reaumur, Dessaignes, Becquerel, Davy, and Faraday. Many 
naturalists have been fascinated by luminous organisms, and it is rather 
surprising to find that Darwin, despite the variety of his travels and the 
breadth of his interest, casually mentions luminous animals and draws no 
inferences for the theory of natural selection from the widespread ability 
of many living forms to emit a cold light. Among biologists who have 
made a special study of animal light may be mentioned the names of 
Anderson, Beijerinck, Buck, Chase, Dahlgren, Dubois, Ehrenbcrg, Eyring, 
Giese, Harvey, Heinrich, Heller, Johnson, Kanda, Kishitani, Kluwer, 
Krukenberg, Mangold, McDermott, McElroy, Okada, Panceri, Phipson, 
Pierantoni, Pratje, Quatrefages, Spallanzani, Tilesius, Trojan, van der 
Burg, van der Kirk, van Schouw’enburg, and Zirpolo. We regret that more 
of our contemporaries in this group were not present at the conference. 

About 40 different orders of animals are self-luminous. These include 
such diverse organisms as bacteria, at least two groups of fungi, radiolaria, 
dinoflagellates and cystoflagellates; sponges, hydroids, medusae, siphono- 
phores, pennatulids, ctenophores, and nemerteans; 7 families of marine 
worms, earthworms; ostracod, copepod, decapod and schizopod crusta¬ 
ceans; myriapods, possibly spiders; spring-tails, flies, and beetles; brittle- 
stars, bivalves, nudibranchs, and tw’o orders of squid; balanoglossids, 
ascidians, and several orders of fish, both elasmobranchs and teleosts. The 
phyla Platyhelminthes. Nemathelminthes, Trochelminthes and all verte¬ 
brates above the fish (amphibians, reptiles, birds, and mammals) are non- 
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luminous. All higher plants i Br^’ophytes, Pteridophytes, and Spcrmato- 
phytes) also contain no luminous forms. 

Among the luminous groups listed above, only terrestrial or marine 
animals produce light, while fresh-water organisms do not, even though 
closely related to luminous marine species. The nearest approach to a 
luminous fresh-water animal is an aquatic firefly larva breathing by 



Figure 1. Left, luminous bacteiial colonies growing on a Petri di h, flask, and test tube 
of culture medium (after Molish). RUht, luminous bacteria highly magnified, Paeudomonaa 
foj/a»tcH«n's (above) and Coccohacdlu't ikitnsia (belowM, afcei Kish ta l. 
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tracheal gills. The diverse and apparently chance distribution of lumi¬ 
nescence in the living \vorld suggests that the mechanism for pioducin^ 
light has developed in the course of evolution from some one of the 
chemical systems already generally present in cells and probably from 
one concerned with cell respiration. 

Hence, much is to be gained from a study of luminescence in organisms 
such as luminous bacteria, w’here the cell respiration is intimately con¬ 
nected \vith the production of light. These bacteria occur in the sea and 
frequently form colonies on dead fish or squid and also on meat in 
refrigerators. They are of several species, are non-pathogenic to humans, 
and easy to culture on 2 per cent peptone, 1 per cent glycerine sea water 
agar at room temperature or below. A pinch of CaCOo can be added 
to maintain the proper pH. A good idea of their appearance can be 
obtained from figure L* 

In addition to such saprophytic bacteria, there are also parasitic forms. 
Various organisms, such as sand fleas, shrimps, midges, or caterpillars 
may become spontaneously infected with parasitic luminous bacteria and 
develop a luminous malady that is finally fatal. In the meantime, the 
host animals move about and would be mistaken for true luminous organ¬ 
isms if the origin of the light were not known. 

Finally, certain squid and fish may be occasionally or regularly luminous 
because of the harboring of luminous bacteria in their glands. No harm 
results to the host from these bacteria. In the remarkable cases of the 
East Indian fish, Photoblepharon and Anomalops (shown in figure 2), 
a special light organ has been developed under the eye in w^hich luminous 
bacteria are always present. They live between special long cylindrical 
cells which are richly supplied wdth blood capillaries. Moreover, the 
continuous light emission of the bacteria can be shut off by a screening 
mechanism of the fish. In Photoblepharon, there is a fold of black mem¬ 
brane, like an eyelid, that can be drawn up over the organ, thus obscuring 
the light. In Anomalops, the light organ is attached at the anterodorsal 
comer by a hinge that allow^s Ae w’^hole organ to be turned over and 
dowmw'ard into a black-pigmented groove or pocket, so that none of the 
light-emitting surface is visible. 

These two fish alone present enough problems for the evolutionists. 
\Vhy should these two very closely related genera have developed tw’o 
totally different methods of shutting off the light? When do the bacteria 
get into the organ? Nothing is knowm about the embryolog)* of the fish 
or why so large a light surface should appear immediately under the eye. 
Such problems might warrant an expedition to the Banda Sea, the only 

Figures 1-4 are reproduced from Living Light by E. Newton Haivey. coui-tesv of Pi inceton 
I niversity Press.. 
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riGURT 2 Above the fish Photohlepharon palpebratus swimmmp: in 'witer of the Banda 
Islands at niofht (Aftei Dahlgien fiom a painting by Bruce Hoisfall ) Below I hot He 
pharon pdlpebratu<i (left) and A.no}ialops J atoptron (right) photogiaphed from dtid 
spec mens showing the laige luminous oigan undei each eye whose light comes iiom 
symbiotic luminous bacteiia 


(See oppo lU jaoc) 

Figlre 3 A. Pholas daetjlu'> the luminous clam with which Raphael Dubois demon 
tiated the lucifeiin lueiferase leaction in daylight B The same at night to show the 
luminous legions (aftei Panceii) C The flagellate Voctiluea n thans showing luminescence 
of two whole oiganisms and the appeaiance undei the micio cope wheie the light can be 
seen to come fiom small di ciete luminous g anules (aftei Quatiefage ) 
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place in the world where Photohlephaion and Anomalops occur in con¬ 
siderable numbers. 

Bioluminescence is actually a chemiluminescence, Le., light production 
during a chemical reaction. It is quite fitting, therefore, that a conference 
on bioluminescence should begin with light production by pure organic 
substances in solution. Many such compounds are known and the light 
emitted by some is indeed brilliant. Examples of these chemilumines¬ 
cences will be discussed by Dr. Anderson. 

The chemiluminescences responsible for the light of organisms involve 
the oxidation of a compound, luciferin, in presence of an enzyme, luci- 
ferase. In some organisms (fireflies and bacteria) the oxidation is intra¬ 
cellular; in others [Cypiidina and Pkolas) extracellular, a large amount 
of luminous secretion being stored in a special gland. In certain organisms 
(bacteria, protozoa), a single cell may produce the light. In others 
(shrimp, squid, fish), accessory structures have been developed, so that 
the light organ can be truly described as a lantern, with lens, reflector, and 
sometimes both color and opaque screen. In the bacteria and fungi, the 
light emission is continuous day and night; whereas in all other forms, 
it appears only on stimulation. 

Success in the study of any biological phenomenon is dependent on 
particularly favorable experimental material, i.e,^ what we have come to 
speak of as classic forms. A good example of classic organisms for study 
are the luminous bacteria which have already been mentioned. Their 
contribution to a study of bioluminescence will be discussed by Dr. John¬ 
son. Unfortunately, no one has as yet succeeded in extracting luciferin 
and luciferase from luminous bacteria. These substances, first demon¬ 
strated by Raphael Dubois in the elaterid beetle, Pyiophoius^ in 1886, 
and later obtained from the mollusc, Pholas dactylus, and studied in 
detail by Dubois, are best extracted from luminous animals ^vith extra¬ 
cellular luminescence, where a large quantity of luminous secretion 
formed. Pholas is pictured in figure 3A and B. 

In 1916, during a trip to Japan for the collection of luminous squid. 
I noticed the abundant luminous secretion of the small ostracod crusta¬ 
cean, Cypndina hil^cndoifii, and was at once able to establish the presence 
of luciferin and luciferase. These substances arc secreted from separate, 
long, single, gland cells opening at pores near the mouth. Moreover. 


{Sie oppoitiU paqt) 

Figure 4. A. A single obtiacod crustacean, Cypridina hUgendorfiit enlaiged, showing the 
black eye-spot, tip of fawlmmingr legs (below) and protubeiances of luminous gland (right). 
B. Diied Cupridinae, life-size, photogiaphed on a cloth. C. A photo-cdl and sliing gal¬ 
vanometer record of light, intensely (veitical), as a function of time (horizontal), when 
Cypridina luciferin and luciferase aie mixed. D. A similar record of ink mixed with watei 
to deteimine time of mixing. Light intensity in arbitrary units. Each large division repie- 
sents 0.2 seconds. (After Harvey and Snell). E. A cioss-section of the gland of Cypndina. 
F. A longitudinal section of the gland region, showing two types of single gland cells, open¬ 
ing by separate poiee, and cross-striated muscle fibers, whose contraction squeezes the secre¬ 
tion into the ^en water (aftei Yatsu). 
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the whole animal, less than an eighth of an inch long, can be obtained in 
fair quantities and, when dried rapidly, indefinitely retains the ability to 
luminesce whenever moistened. Such dried material has been invaluable 
in a study of the chemistry of luciferin, which, together with some obser¬ 
vations on Cypridina luciferase, will be presented by Dr. Chase. Cypri- 
dina, shown in figure 4A and B, has become the classic organism for 
chemical study of bioluminescence. The histology of the gland is pictured 
in FIGURE 4E and F, and a record of Cypridina luminescence in figure 
4C and D. 

One of the almost universal characteristics of luminous forms (except 
for the bacteria and fungi) is the ability to flash on stimulation. The 
effect is particularly well seen m the “phosphorescence of the sea”, where 
waves dashing on shore, the splash of oars, or the wake of a boat are 
outlined by the flash of thousands of small marine organisms, mostly 
flagellates, stimulated mechanically by the motion of the water. Noctiluca, 
the best known of the flagellates, is shown in figure 3C. 

Higher organisms, also, possess a mechanism for turning their light on 
and off, well seen in the firefly flash. In fact, fireflies are classic material, 
not only for study of the physiological problem of flashing, but also for 
investigation of the fine histological details of luminous organ structure, 
which is necessary for an understanding of the physiology of flashing. 
Dr. Buck vnll consider these aspects of the bioluminescence problem and 
will also, I hope, describe his ecological studies on the firefly and the use 
of the flash as a mating signal. We need a scientific explanation of the 
use of the light in many luminous animals as well as of the mechanism 
of cold light emission itself, that unique phenomenon which, in the form 
of the fluorescent lamp, is now used to light our homes. 



CHEMILUMINESCENCE IN AQUEOUS SOLUTIONS 

By Rubert S. Anderson 

Depaitment of Physiology, Schools of Medicine and Dentistry, 
University of Maryland, Baltimoie, Maryland* 

In trying to analyze a biological process such as bioluminescence, a 
beginning is often made by relating the biological observations to the 
most similar parts of pure chemistry and physics. This has been done in 
connection with light given off by living organisms or by extracts from 
them^ and at least the most common t>pe of luminescence has been gener¬ 
ally agreed upon. In the case of the best known system, Cypridina luciferin 
and luciferase, the light is clearly the result of a chemiluminescence. Even 
the reaction producing it, an oxidation by oxygen, is a common type of 
reaction producing chemiluminescence. The bioluminescence of many 
forms seems to be similar, in various ways, to that of Cypridina, and these 
forms are therefore believed to contain chemiluminescent systems even 
though they may never have been separated from the cell. 

It would be helpful if there existed a well developed body of infor¬ 
mation about the chemiluminescence of known compounds in solution. 
Unfortunately this is not the case, and answers to most of the questions 
which might arise in the study of bioluminescence cannot be given. It is 
the purpose of the present review to collect a number of the many scat¬ 
tered observations made, particularly in recent years, on chemilumines¬ 
cence in water solutions, with little reference to the biological systems. 

From early times, the characteristic of bioluminescence and chemi¬ 
luminescence which has seemed most striking has been light-emission at 
ordinary temperatures, in contrast to its usual association with high tem¬ 
peratures. This property is also shown by fluorescence. The actual 
emission process is probably analogous. It results, most immediately, 
from loss of a quantum of energy during the change of an excited elec¬ 
tronic state to the ground state or some other state having less energy 
than the initial excited one. The major difference between chemilumines¬ 
cence and fluorescence is, then, the means by which the excited electronic 
state is first produced. In a chemiluminescent reaction, a part of the 
energy resulting from the reaction is channeled in a very particular way 
instead of being dissipated as heat. In fluorescence also, the energy is 
introduced into the molecule in a specific way, i.e., by the absorption of 
radiation. Neither the emission of the radiation, nor the production of the 
excited state, need depend on a high temperature. 

Even though excited states have been produced, in the one case by a 
chemical reaction and in the other by absorption of radiation, the excess 

Present address: Department of Phyaioloffy and Pharmacologry, University of South Dakota. 
Vermillion, S. Dak. 
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energy need not be lost as radiation. While some of the molecules having 
the excess energy may emit light, others may lose it as heat or in chemical 
reaction. The ratio of the number of light emitters to those experiencing 
energy loss in other ways can be modified by various means, particularly 
by the addition of so-called quenching agents, which decrease the amount 
of light. Quantitatively, light emission at ordinary temperatures is a 
relatively uncommon process. For instance, absorption of light, capable 
of raising electrons to excited states, occurs at least in all colored solu¬ 
tions. Yet many colored solutions are not fluorescent at all and, of those 
that arc, the efficiency rarely approaches one. 

The original production of the excited state from a chemical reaction 
is supposed to result from a crossing or near approach of potential energy 
surfaces. Eyring et al} also consider that it may occur as a result of 
direct excitation by black body radiation, at least in the case of some 
extremely faint instances of chemiluminescence studied by Audubert.^ 
The crossing or near approach of potential energy surfaces may perhaps 
be visualized in some way such as the following. If, for a compound, 
some configuration of the nuclei exists, a distance in the diatomic case 
in which the system has approximately the same potential energy with 
its electrons in the ground state and in an excited state, a shift may occur 
from the ground state to the excited state. The system may be brought 
to this critical configuration by a chemical reaction. When the con¬ 
figuration changes, the electron excitation energy is trapped and may then 
be lost as a quantum of light. 

Considering, now, specific systems, it was stated above that no systems 
in solution are well understood. In fact, imtil fifteen or twenty years 
ago no reactions of specific compounds in aqueous or other solvents were 
known which gave off as much light for comparable amounts of material 
as the extracts from organisms. Lophine and the Grignard compounds 
probably approached them most closely. That is no longer true, since 
the description of the bright chemiluminescence of aminophthalhydrazide 
by Albrecht in 1928® and of dimethylbiacridinium nitrate by Gleu and 
Petsch in 1935.'* 

To find a chemiluminescent reaction which can be described with 
some completeness, it is necessary to turn to a much simpler system, a gas 
reaction. Gas reactions seem remote from bioluminesccnce or even chemi¬ 
luminescence in solution, but they may act as a guide in a number of 
ways, and some of the same general experiments apply. In 1928 Polanyi 
and his co-workers reported extensive experimental work on the reaction 
of the alkali metals with several halogens and halides. For our purpose, 
It is necessary to consider only one of these reactions, that between sodium 
vapor and chlorine.® When these tv^’o elements react under the proper 
conditions, light is emitted. The sodium vapor is introduced at one end 
of a tube at a pressure of only 0.001 or 0.01 mm. Hg. The chlorine is 
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introduced into the tube as a jet. The simplest condition is to have the 
sodium in excess. The reaction occurs where the two gases meet. From 
the character of the emitted light, the effect of pressure of reactants, the 
effect of foreign gases, and from the position of the luminescence or flame 
\vith respect to the deposit of reaction product (NaCl), the several steps 
of the reaction have been obtained. The following major events arc 
believed to occur: 

(1) Na + Clo -- NaCl + Cl. 

(2) Nao + Cl — NaCP + Na. 

(3) NaCF + Na — NaCl + Na^ 

Na* — Na + light. 

(4) Na + Cl NaCl. 

(5) NaCl* — NaCl + heat. 

Most of the light which is emitted has been identified as the D-linc of 
sodium. This immediately shows the emitting material to be primarily 
sodium atoms. The frequency of the D-line is equivalent to 48.5 Cals. 
Reaction 1 furnishes only 35 Cals., which is not enough to produce the 
light emitted. Reaction 2, giving 75 Cals., provides more than the 
necessary energy for the emitted light and is believed to be its source. 
That the sodium atom produced in reaction 2 is not excited as it is 
produced, follows from a number of additional facts. The chemilumines¬ 
cence of the reaction is quenched by foreign gases more strongly than 
the resonance emission of the D-line of sodium. This means that the 
excess energy is retained long enough for collisions to occur and dissipate 
the energy in some other way. The emission of the D-line by excited 
sodium occurs after about 10'® seconds. It is, therefore, suggested by 
Polanyi that the excess energy is retained by some other material for a 
longer period than 10“® seconds. This material is believed to be the 
sodium chloride. The excess energy of the sodium chloride molecules 
is then supposedly transferred to sodium atoms during collisions as indi¬ 
cated in reaction 3. The excited sodium atom thereupon loses the energy 
as light. Reactions 4 and 5 arc competing non-luminesccnt reactions 
occurring at appreciable rates only at the wall. The very large effect 
of changes in the pressure of sodium vapor results from differential effects 
on the several reactions; that is, increased pressure of sodium favors 
reactions 2 and 3 as compared to 4 and 5, and an increased yield of light 
results. An increase of sodium from 0.001 to 0.01 mm. Hg. pressure 
increases the quantum yield, per two atoms of sodium reacting, from 
about 1 per cent to about 35 per cent. The calculated maximum quantum 
efficiency with still greater pressures of sodium was set at about 0.85, 
although this was not realized experimentally. 

A fairly complete description, therefore, can be given of the chemical 
reactions leading up to the emission of the light and the side reactions 
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which compete with those responsible for chemiluminescence. Even in 
this apparently veiv simple case, quite a number of complicating factors 
are present. In view of these complications in a simple gas reaction, it is 
not surprising that the description of events in the reaction of a large 
organic molecule in solution is so inadequate. However, although some 
of the features of these gas reactions arc special to them, the general 
experimental approach through spectral emission curves, concentrations 
of reactants in relation to light emitted, quenching, etc., are applicable 
to studies in solution. 

The number of known chemiluminescent reactions in solution is large, 
although this number is a very small fraction of the total known reactions. 
Harvey, in his book® indicates many of these reactions. Oxidation is a 
usual type of reaction, and pyrogallol, lophine, and the Grignard com¬ 
pounds are some of the better known materials undergoing reaction. 
A number of common systems previously considered to be non-radiating 
have been studied by Audubert.^ Bv the use of specially designed counters, 
he reports finding very low intensities of ultraviolet light associated with 
many reactions. 

This discussion will omit those reactions which show a very low effi¬ 
ciency and consider the two which seem most comparable, in amount of 
light emitted, to the gas reaction and to the bioluminesccnccs. This 
distinction is, of course, arbitrary to some extent, since an intense chemi¬ 
luminescence or fluorescence may be extinguished by a change of condi¬ 
tions. Recognizing this, it still seems that for some experimental purposes 
more emphasis should be placed on the quantitative differences between 
various reactions under the most favorable conditions known. In most 
of the known systems, the actual fraction of the total number of reacting 
molecules which give off light is extremely small. The fact that they 
have been observed at all is due in many examples to the extreme sensi¬ 
tivity of the eye as a detecting instrument. It may not be a case even 
of one in thousands or tens of thousands, but one in millions of molecules. 
In the reactions studied by Audubert, only one in 10^^ or of the 
molecules which reacted emitted radiation. The aminophthalhydrazide® 
and the dimethylbiacridinium compounds'* mentioned earlier are, in 
aqueous solutions, the most efficient light-producing systems which have 
so far been discovered. Each will be considered in some detail. Although 
a considerable study has been made of these reactions, definitive results 
upon w^hich all authors are in agreement have not appeared. 

The Phthalcyclohydrazides 

Albrecht,® in 1928, studied extensively the chemiluminescence of several 
phthalcyclohydrazides of w^hich the brightest and most studied was 
S-aminophthalcyclohydrazide.-^ This hydrazide emits a blue light when 

Als) called luminol and, by Chemical Abhtiacts, 5-amino-2,8-dihydio-l,4-phthalazinedione. 
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it is oxidized in alkaline solution with a number of oxidizing agents such 
as hydrogen peroxide, potassium ferricyanidej or sodium hypochlorite. 
Convenient methods ol preparing the hydrazidc for demonstrating the 
reaction'^ and additional studies of related compounds® appeared a few 
years after Albrecht’s work. 

Albrecht formulated the overall reaction as: 



The time course ol the reaction is markedly dependent upon the con¬ 
ditions and especially upon the oxidizing agent which is used. Albrecht® 
found that, w'ith most oxidizing agents, the light is dim and of short 
duration. With hydrogen peroxide, the reaction lasts for a much longer 
time although the light intensity is low’. The intensity of the light can 
be much increased, although the duration is decreased, by having present 
in addition to the hydrogen peroxide, ferricyanide, hypochlorite, or one 
of a number of compounds which appear to act catalytically. In general, 
hydrogen peroxide in the medium is necessary for the large yields of 
light. Other authors^* have subsequently studied a variety of cata¬ 
lysts. Manganese dioxide, colloidal platinum, hemin or hemoglobin, 
many metal complexes, and ozone are a few of the materials which pro¬ 
duce increased light intensity. Weber and his collaborators more recently 
have studied the relation of other trivalent iron complexes,-^ copper 
complexes,-- RuGl,{ and VOSOr® to the chemiluminescent reaction. 
Whether the compound is to be looked upon as a reactant or a catalyst 
depends, according to these authors, upon its rate of rcoxidalion by 
atmospheric oxygen.-^ 

The form of the relation between intensity of light and time depends 
on the catalyst used. For instance, Weber et consider that the light 
intensity decreases exponentially with time with a number of iron catalysts. 
Stress and Branch,-"^ using hydrogen peroxide and ferricyanide, find the 
curve of log intensity against time to be convex upward. They also 
observe that the initial point at 0.2 seconds lies below the smooth curve 
and suggest that the luminescent reaction may not be the initial one. 
The intensity-time relation of the uncatalyzed, and hence slow, reaction 
of hydrogen peroxide with the hydrazide depends on the concentration of 
hydrogen peroxide and alkali.^^' Many such curves show’ a point of 
inflection because the intensity of luminescence docs not decrease as rap- 
idlv during the initial portion of the reaction as it does later 
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It has long been known^’ that the hydrazide would show visible 
luminescence at extremely great dilutions, one part in 10*^ parts of water. 
The quantitative efficiency of the light emission in terms of amount ol 
light per mole of hydrazide present has also been studied. Harris and 
Parker,-" by means of a flowing system, studied the light emitted by the 
hydrazide in a medium of 0.35 M sodium hydroxide, hydrogen peroxide, 
and sodium hypochlorite. The reaction was so fast that it was confined 
to a spot of light even in the flowing system. They found the efficiency 
to be markedly sensitive to the concentration of hydrogen peroxide, with 
the best condition approximately 4 moles of hydrogen peroxide per mole 
of hydrazide. Under their optimum conditions, from 0.003 to 0.005 as 
many quanta of light were produced as there w^ere hydrazide molecule, 
present, assuming that all of the light was emitted at 4250 A. Use of 
potassium ferricyanide instead of the hypochlorite gave a more diffuse 
spot of light, presumably because the reaction rate was sV^vcr. 

Stress and Branch-'^ later published a study of the hydrazide also in a 
flowing system. They used varying concentrations of «odium hydroxide, 
hydrogen peroxide, and potassium ferricyanide. Instead of studying the 
light emission from a spot, they measured the light in'-ensi^y at varying 
distances from the point of mixing. The maximum number of quanta 
observed per molecule of hydrazide, assuming that the light w’as emitted 
at 4570 A, was 0.36. This is 50—100 times as great as the value given bv 
Harris and Parker. Stress and Branch do not refer to the earlier work, 
so that no explanation of the discrepancy is available, apart from the 
different oxidizing agents. 

The emitted light covers a broad region of wavelengths with a su<rges- 
tion of a double maximum.^' The precise location of the curve is 
variously reported and may depend on the oxidizing agemt or catalyst 
used with hydrogen peroxide. For in.stance, Eymers and Van Schouwen- 
berg-® report the maximum at 4400—4600 A with hemin, w^hile with ferri¬ 
cyanide the emission extends farther into the blue. 

The emitted light, unlike the gas reaction of sodium and chlorine, 
gives no immediate clue as to the identity of the emitting molecule. An 
attempt has been made, however, to obtain some information bv com¬ 
paring the chemiluminescence and the fluorescence of the hydrazide and 
other compounds. When the fluorescence emission curve of a compound 
is similar to the chemiluminescence emission cur\^e, it has been consid¬ 
ered as evidence supporting the idea that this same comnound also 
emits the light in the chemiluminescent reaction. Althou<rh it is not 
certain that the same molecule producing the two types of luminescence 
would necessarily emit identical spectral distribution curves, it has been 
considered a plausible assumption with w^hich to begin. Such a com¬ 
parison w^as first made by Albrecht." An immediate complicating factor 
appears for the hydrazide. The chemiluminescence occurs best in alka- 
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line solution;, while the fluorescence appears in neutral or acid solution. 
Albrecht considered the two spectral distribution curves to be similar^ 
even though the maxima were about 200 X apart. This difference he 
ascribed to the different pH’s of the solutions. His view was supported^ 
in part, by Sveshnikov,^® who brought the maxima closer together by 
bringing the pH’s of the chemiluminescent and fluorescent solutions 
together more closely. The comparison of fluorescence and chemilumin¬ 
escence of the hydrazide has been studied also by Eymers and Van 
Schouwenberg,^® who believe that the two curves are essentially different. 
A comparison has also been made by Albrecht of the chemiluminescence 
and fluorescence of other phthalcyclohydrazides. He stated that the color 
of the emitted light shifted in a parallel manner in a series of deriva¬ 
tives. Whatever view may be the correct one, most discussions of the 
actual chemiluminescent reactions assume that the emitting molecule is 
the initial hydrazide itself or some closely related compound. 

It is a matter of practical and perhaps of theoretical importance to 
know if the emission curves, as observed experimentally, represent the 
emitting molecule. Distortion could occur by the presence of compounds 
which either absorb some of the emitted light or fluoresce under its influ¬ 
ence. According to the published curves,^®’ absorption by the 

hydrazide itself should not greatly influence the emission in the visible 
region, although the same may not be true for other reactants and cata¬ 
lysts which have been used. That fluorescence of various dyes occurs 
when they are dissolved in a solution of the hydrazide emitting chemi¬ 
luminescence, has been shown by a number of authors.®^”®® Also, mix¬ 
tures of hydrazide with dimethylbiaciidinium salt, in solutions where only 
the hydrazide would show chemiluminescence, give the green light of the 
acridinium chemiluminescence or fluorescence.®'* Tamamusi®® has fa¬ 
vored the idea that such light emissions may not be true fluorescences but 
actual transfers of energy by collision of hydrazide with dye followed 
by light emission from the dye. A transfer of energy during collision of 
sodium chloride and atomic sodium is included in the gas reaction de¬ 
scribed above. However, no similar process has been shown for chemi¬ 
luminescence in solution and, according to Weber and Ochsenfeld,®® the 
experimental results on hydrazide can be quantitatively explained with¬ 
out assuming such an energy transfer. 

The relation of structure to the luminescence has been clarified by 
work from a number of laboratories.®’ Several conclusions 

were siiimnarized by Drew^^ in the 1939 Faraday Symposium on lumi¬ 
nescence, although agreement is not complete.^®’ ^ According to Drew, 
the 6-membered ring hydrazide is an essential requirement for chemi¬ 
luminescence. Neither the open chain nor the 5-membcred ring hydra- 
zides show any luminescence. Apparent exceptions to this rule are ex¬ 
plained as due either to a preliminary change into the 6-membered ring 



344 


ANNALS NEW YORK ACADEMY OF SCIENCES 


compound or to the presence of traces of it as an impurity. It has also 
been found®’ ®®’ that methyl group substitutions such as 


OCH, 

give non-luminescent compounds. Therefore, it is concluded that both 
hydrogens must be present on the nitrogen atoms or as the di-enol. 
The sensitivity of the eye to light requires exceptionally rigorous purifica¬ 
tion of the compounds studied to avoid misinterpreting the data. Drew 
and Garwood^® used as many as eight recrystallizations to free some ma¬ 
terials of traces of chemiluminescent impurities. More recently. Huntress 
and Gladding^*^ have shown that changing the order of the carbon atoms 
and nitrogen atoms in the ring in the several possible ureas and quinoxa- 
lines, results in compoxmds which do not luminesce although they appear 
to oxidize. 

Given the 6-membered ling hydrazide, Albrecht® showed in his thesis 
that substituents in the other ring greatly influenced the amount of light 
emitted. An amino group in the 3 or 4 position increased the amount 
of light as compared with the unsubstituted phthalhydrazide. Position 
3 was more effective than 4. The nitro group decreased the amount of 
light. Drew^^ concluded that, in general, substitutions in the ortho 
positions with respect to the cyclohydrazide ring had greater quantitative 
effects than the corresponding substitutions in the meta positions. The 
nature of the substituent in the benzene ring has a great effect on the 
intensity of the light emitted and also influences its color.®'®® Some 
relative intensity measurements have been made®®' which permit 
a listing of substituent groups in the approximate order of light emitted. 
Groups such as NH 2 , NHMe, OH, NH*NH 2 , in that order, and to a 
lesser extent chlorine, bromine, and iodine, increase the amount of light 
emitted as compared to the unsubstituted compound. On the other 
hand, groups such as NO 2 increase the light very little or decrease it. 
In general, Drew and Pearman®® consider the first class to correspond 
to the ortho and para directing groups of organic chemistry, and the 
second to meta directing groups. 

It may be that this apparent relation between the amount of chemi¬ 
luminescence and the directive influence of substituent groups comes 
about through the usual effect of the groups on the chemical reaction. 
In this connection, however, some results obtained by West^® on the 


H\\z OCHj 
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fluorescence of naphthalene and its derivatives are of interest. The fol¬ 
lowing relative efficiencies of fluorescence are reported: 


NH 2 : 1 

/3-OH : 0.75 

)8-CN : 0.5 

a-COOH : 0.3 

Naphthalene : 0.15 

a-chlor : 0.05 

NO 2 : none. 


Although these results presumably do not involve a chemical reaction^ 
the various groups again have a striking and specific effect on the quan¬ 
titative result. Also, the order of the groups is approximately the same 
as for the chemiluminescence, with the exception of cyanide and carboxyl 
which are not given by Drew and Pearman.®® These two are meta 
orienting groups. 

Compounds present in solution also have a marked influence on the 
amoimt of chemiluminescence, just as in fluorescence. For instance, it 
has been found that traces of hydroquinone^^» cause a great diminu¬ 
tion in the light intensity. A series of papers by Weber and his collabo¬ 
rators have reported studies on the influence of many compounds and 
the halide ions on the fluorescence^*^ and chemiluminescence^^-^ of the 
hydrazide. The influence on chemiluminescence may operate both 
through the chemical reaction and through quenching, which is anal¬ 
ogous to fluorescence quenching. That the effect of chloride and bromide 
ions on a chemiluminescent reaction need not be to decrease but may 
increase the amount of light emission, has been shown with the Cypridina 
ludferin and luciferase system.^® 

The actual reactions which produce the chemiluminescence are not 
agreed upon, although several authors^* 21 , 24 , 41,49 suggested systems 
which account for a certain amount of the experimental data. Albrecht’s® 
original formulation (see following page) has not been accepted.**^ 

The azodiacyl compound (I) is unknown, and the diimine (II) is hypo¬ 
thetical. However, in 1942, the finding of a compound, colored and 
unstable, believed to be (I) was reported by Kautsky and Kaiser.®® A 
solution of this material, free of oxidizing agent or oxygen, is said to 
emit light when made alkaline. No further work on its isolation and 
identification has appeared. 

Meanwhile, Drew and Garwood^® reported the isolation of a sodium 
salt of the peroxide of the 3-aminophthalcyclohydrazide. This compound, 
dissolved in water, gives off luminescence when hemoglobin is added to 
the solution. The intensity increases when alkali is added. 

The same authors also report that the extent of the destruction of the 
hydrazide during chemiluminescence depends on the conditions, includ- 
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ing particularly the oxidizing agent used. Destruction, with evolution 
of all of the hydrazide and much of the amino nitrogen, occurs with 
hypochlorite and permanganate. However, when to a solution of hydra¬ 
zide and hydrogen peroxide, sodium hypochlorite was added slowly, as 
little as one-seventh of the hydrazide nitrogen was liberated. The authors 
suggest, therefore, that most of the hydrazide can be recovered unchanged 
and that the destruction of this ring may be a side reaction and not an 
integral part of the chemiluminescent reaction. Their provisional formu¬ 
lation is as follows, on the assumption that the hydrazide in alkaline 
solution is in the enol form and ionized although no titration curve is 
presented: 
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Reaction 1 leads to the release of nitrogen and need not be lumines¬ 
cent, Reaction 2 may be the major source of luminescence. This, unlike 
most previous ideas, suggests that the hydrazide is not the substrate but 
a catalyst for the decomposition of hydrogen peroxide, and it has been so 
considered in some kinetic studies.^® A study of the reactions of the 
isolated hydrazide peroxide, including quantitative determinations of 
nitrogen and oxygen, should be revealing. 

Stross and Branch,^^ also in 1938, on the basis of quantitative studies 
on the reactants, ferricyanide and hydrogen peroxide, and accounting for 
the oxygen, concluded that the chemiluminescence was associated with 
a two-step oxidation, probably to the azo compound postulated by 
Albrecht.® In contradiction to Albrecht and in agreement with Drew,^^ 
they consider that the luminescence comes before the breaking of the 
hydrazide ring. They consider that in their reaction system the ferri¬ 
cyanide produces a one-unit oxidation to a free radical which then 
reacts with hydrogen peroxide. 

Additional proposals and experiments have been contributed by 
others.^^* Weiss^® combines a number of chemiluminescences into 

a single scheme. Lophine, after hydrolysis, luciferin, and the hydrazide 
have fairly labile hydrogen atoms which, he states, can be removed by 
oxidation. In general, Weiss says that the reaction can be written, 
AH 2 AH -» A, where A represents all of the compound except the two 
labile hydrogen atoms. This formulation also has the free radical, AH^ 
as an intermediate step. The actual luminescence arises, according to 
Weiss’s theory, by combination of radicals or ions: 

2 AHAH2 + A* 

or, AH:^A- + H+ and AH + A-AH’ + A*, 

Weber and his collaborator^^ include both the peroxide of Drew^° and 
Albrecht’s® system in a combined series of reactions. 

It is evident that the problem has been left in a confused state, perhaps 
because of the war. Most authors, except Drew, include the azo com¬ 
pound to which Kautsky has suggested that he has a direct approach, 
but for which he has published only fragmentary evidence. Drew’s iso¬ 
lation of the peroxide, on the other hand, seems definitive, but limited 
qualitative and quantitative data have been published upon its relation 
to the luminescent reaction, action of catalysts, etc. All formulations 
seem highly provisional until these basic matters and the fundamental 
position of the hydrazide in the luminescent reaction are settled. 

The Biacridiinium Salts 

Gleu and Petsch,^ in 1935, showed that N,N'-dimethylbiacridinium 
nitrate* gives a chemiluminescence when treated with hydrogen peroxide 
in alkaline solution. The chemiluminescence is green, as is the fluores- 


*Also called ladgenin. 
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ccnco. The compound is yellow. The intensity of the light emitted 
varies widely, depending upon the conditions. In solutions made alka¬ 
line with sodium hydroxide, the luminescence is relatively dim when 
hydrogen peroxide is added, but it lasts for a long time. The intensity 
can be increased enormously by the addition of osmium tetroxide as a 
catalyst and the time of luminescence decreased to one second. Under 
such conditions, light could be observed at a concentration of luminescent 
substance of 10“^^ M. When the reaction is carried out in a medium 
of concentrated ammonium hydroxide, the light with hydrogen peroxide 
alone is much brighter than in a sodium hydroxide solution. It may 
then last for only a minute. Osmium tetroxide has less effect on the 
reaction in concentrated ammonia. The quantitative effects of tempera¬ 
ture,**^ the kinetics of the reaction,^^* and the quenching or enhancing 
effects of foreign substances®®* have been studied. 

Unexpectedly, when Gleu and Petsch tried other oxidizing agents, 
they observed no luminescence. However, they found that a number 
of common reducing agents, such as hydrosulfite or stannite, produced 
a chemiluminescence if oxygen was also present. None was observed if 
the solution was first freed of oxygen by passing nitrogen through it. 
In view of the need for oxygen in order to obtain luminescence, the 
authors concluded that the reaction was both an oxidation and a reduc¬ 
tion. Since hydrogen peroxide is both an oxidizing and a reducing 
agent, this was not inconsistent with the other findings, 

A tentative formulation designed to explain these several facts was 
given as follows: 



According to this idea, the biacridinium salt would function essentially 
as a catalyst. With hydrogen peroxide, the net reaction would be: 

2 H.O 2 2 H 2 O + 02 + 46 Gals., 
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and with the other reductants, the oxidation of the reducing agent by 
atmospheric oxygen. One difficulty immediately arises, since the 46 
Cals, are about 10 Cals, too small for some of the wavelengths repre¬ 
sented in the Kght emission. However, Gleu considers that this does 
not definitely prove the reaction to be inadequate. 

Comparisons of the spectral distribution curves of fluorescence and 
chemiluminescence have also been made for the biacridinium salts. The 
compound fluoresces in water and in acid solution. According to Weber, 
it will also fluoresce in mildly alkaline sodium carbonate solutions but, 
like the hydrazide, the chemiluminescence and fluorescence appear to 
have widely different pH optima. The original dimethylbiacridinium 
compound was studied by Eymers and Van Schouwenberg,^^ who con¬ 
cluded that the fluorescent and chemiluminescent spectra were identical, 
even though the media in which they were studied were not identical. 
These same authors have extended their work by comparing fluorescent 
and chemiluminescent spectral distribution curves, including biolumi- 
nescent sources, after analysis. The analysis was based on the assump¬ 
tion that the observed graph, when intensity was plotted against fre¬ 
quency, was made up of two or more essentially symmetrical curves. 
The frequencies of these postulated fundamental curves tended to be 
the same for different reactions. How much the results depend on the 
above described secondary fluorescence is unknown. 

More recently, however, Gleu and collaborators^^-ss have prepared a 
number of biacridinium derivatives and compared the color of the 
fluorescence and chemiluminescence.®® The ffiethyl derivative shows 
identical green fluorescence and chemiluminescence. The same is true 
for the diphenyl at some concentrations. However, below M, the 
chemiluminescence becomes blue. Fluorescence and chemiluminescence 
also differ in other compounds. The authors conclude, therefore, that 
the supposed agreement, which they and others had previously reported 
and used as a partial basis for the above formulation, is merely a coin¬ 
cidence which occurs with some compounds. 

Kautsky and Kaiser,®® in 1943, reported that all previous interpretations 
of the spectral distribution curve of the chemiluminescence arc faulty. As 
ordinarily obtained, they consider the light emission to be a mixture of 
a true chemiluminescence and the green fluorescence of the biacridinium 
nitrate. They state that when the reaction is carried out in a dilute 
solution at 40—50® G., the fluorescence is largely absent and the true 
chemiluminescence, blue in color, is obtained. This seems to fit the 
observations of Gleu and Schaarschmidt®® mentioned above. Further, 
Kautsky and Kaiser find that the spectral distribution curve of this “true 
chemiluminescence” is closely similar to the fluorescence of N-methyl- 
acridone under exactly the same conditions. It is the acridone, there¬ 
fore, which these authors consider as being the primary emitter of the 
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luminescence, and they regard its formation from the carbinol with 
liberation of 65 Cals, as the chemiluminescent reaction. If this is true, 
there should be a striking effect of pH on the color of the emission curve 
as usually obtained, since the fluorescence of the biacridinium salt is 
reported as decreasing in alkaline solution. Also, the question arises as 
to how the reducing agents produce their effect, since the chemilumines¬ 
cent reaction, as formulated with hydrogen peroxide by these authors, 
is an oxidation. 

Unfortunately, no additional work has been found, so that here, also, 
the fundamental role in the luminescent reaction, substrate or catalyst, 
of the major compound is in doubt. The formation of acridone as a 
possible side reaction was mentioned by Gleu and Petsch.^ 
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THE CHEMISTRY OF CYPRIDINA LUaFERIN 

By Auren M. Chase 

Physiological Laboratory, Princeton, University, Princeton, N. J, 

Luminescence is encountered throughout the animal kingdom and in 
certain lower forms of plant life. However, the luminescent reaction has 
been demonstrated in vitro in only five orders of animals. These include 
certain beetles (fireflies), one mollusc [Pholas)^ certain ostracods {e.g., 
Cypridina)^ a few worms {e,g,^ Odontosyllis), and at least one decapod, 
a deep-sea form. The most favorable organism as a source of material 
for the study of the luminescent reaction in vitro is the ostracod crus¬ 
tacean, Cypridina hilgendorfii^ whose eminent suitability for the extrac¬ 
tion of the compounds concerned was pointed out by Harvey (1917). 
This animal possesses a gland in the head region, where luciferase, the 
enzyme which catalyzes the reaction, and luciferin, the substrate, are 
produced. When aUve, the animal can eject these two compounds, in 
the form of two kinds of granules, into the sea water through separate 
pores, and a blue luminescence then occurs in the water. If the orga¬ 
nisms are dried immediately after being caught, and are kept dry, the 
luciferin and luciferase in the gland remain stable for years and can be 
extracted when desired. The paper by Harvey (1948) contains photo¬ 
graphs of Cypridina and drawings of the gland, on page 335. 

The simplest method of extracting luciferin from Cypridina is by 
grinding up the dry organisms and adding hot water. This inactivates 
the luciferase, so that no luminescence occurs in the extract but the 
luciferin is obtained unaltered. The suspension is immediately cooled 
to retard destruction of the luciferin by oxidation. After filtering, the 
clear solution contains luciferin and all the other water-soluble com¬ 
ponents of the organism. Such crude luciferin extracts, though easy to 
prepare, are not very suitable for chemical work, because of the great 
instability of the luciferin in the presence of dissolved oxygen and of 
oxidizing systems that are extracted along with the luciferin. Also, the 
impurity of such preparations is undesirable from a chemical point of 
view and, indeed, luciferin in crude extracts often behaves quite differ¬ 
ently than does more highly purified luciferin. 

Several methods of extracting and purifying Cypridina luciferin have 
been developed. Kanda (1924, 1929) extracted ihe dry, powdered or¬ 
ganisms with methyl alcohol in absence of oxygen and, after various 
precipitations and re-solutions, obtained luciferin which was more stable 
against oxidation and certainly purer than that in a crude aqueous 
extract. The chemical work on luciferin prior to about 1940 is discussed 
in publications of Harvey (1940, 1941). 

( 353 ) 
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The greatest advance toward the purification of luciferin is due to the 
work of Anderson. To determine quantitatively the concentration of 
luciferin present in his various purification steps, he developed a photo¬ 
electric method for measuring the total light emitted by a luciferin 
solution. This apparatus (Anderson, 1933) does not measure light inten¬ 
sity directly, as do most photoelectric and all visual methods, but instead 
it yields the integral curve for the luminescent reaction. The output of 
the photoelectric cell is stored in a condenser and the charge accumulated 
on the condenser, after any time from the start of the reaction, can be 
balanced with a potentiometer, using a Lindemann electrometer. The 
method is therefore a null-point one, and light-emission can be measured 
in terms of millivolts, to about one milKvolt, the limit set by the Linde¬ 
mann electrometer. The capacity of the condenser determines the sensi¬ 
tivity of the method. With this apparatus, very weak luminescences can 
be measured quantitatively. A good example of the sort of data obtain¬ 
able is given in figure 2. The value of the ordinate at any time is a 
relative measure of the amount of luciferin that has reacted with luci- 
ferase to give luminescence, from the start of the reaction to that time. 
The slope of the curve at any time is proportional to the intensity of the 
luminescence at that particular time. The data secured by the method 
are, therefore, analogous to those obtained in any reaction where an end 
product is determined quantitatively at various times during the course 
of the reaction. 

Anderson (1935) worked out a purification procedure which yields 
from Cypridina a luciferin of much greater purity than had been obtained 
previously. Briefly, the method is as follows. Dry, powdered organisms 
are extracted for twenty-four hours with absolute methyl alcohol that is 
kept free of dissolved oxygen by saturation with purified hydrogen in a 
special extraction vessel. The vessel is then opened and a small amount 
of n-butyl alcohol is added and the methyl alcohol is removed by evapora¬ 
tion at low pressure. This solution, after having been chilled, is treated 
with benzoyl chloride. The resulting derivative of luciferin not only 
does not give light on addition of lueflerase, but is much more stable in 
the presence of air than is the luciferin in its original state. Water is now 
added to hydrolyze the excess benzoyl chloride, and the butyl alcohol 
fraction is dissolved in 10 volumes of water. The resulting solution is 
extracted with ether, into which most of the butyl alcohol and luciferin 
derivative pass, leaving highly colored impurities in the aqueous phase. 
The ether is next removed in vacuo^ leaving the inactive luciferin, already 
considerably free of colored impurities, in the residual butyl alcohol. 
This solution is mixed with a large volume of 0.5 N HCl, saturated with 
hydrogen, and heated in a hydrogen atmosphere for an hour at 95®-100® C 
and then cooled in an ice water bath. The mixture, now containing 
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active luciferin^ is then washed again with ether. At this stage^ the 
“reactivated” luciferin remains almost entirely in the aqueous phase, and 
considerable colored material passes into the ether phase. The luciferin is 
finally extracted from the aqueous solution with n-butyl alcohol, deaerated 
with hydrogen and, if desired, is put through the same cycle of purification 
a second time. Some yellow color remains even after three cycles of 
purification and, as will be apparent presently, this is undoubtedly a 
property of luciferin. 

This method results in a purification of the luciferin of about 2,000 
times, in terms of amount of UgHt per unit of dry weight of solid material 
in the final solution as compared with the starting material. The stability 
of the luciferin against oxidation is also greatly increased, perhaps because 
oxidizing systems that were present in the original material have been 
removed during the purification procedure. 

In most of the recent work which has been done on the chemistry ol 
luciferin, the luciferin has first been subjected to Anderson’s (1935) 
purification procediire. It has frequently been found that quite different 
experimental results are obtained when using this purified material than 
with crude aqueous extracts of Cypridina. For example, luciferin in 
crude extracts is not affected by even high concentrations of cyanide, 
whereas the more purified compound loses its light-producing character¬ 
istics in the presence of extremely low cyanide concentrations. (Giese 
and Chase, 1940.) 

The luciferase used with this purified luciferin, when studying the 
luminescent reaction in vitro^ is ordinarily prepared by dialyzing a water 
extract of powdered dry Cypridina against distilled water for some days 
at a low temperature until the solution has become practically colorless. 
Considerable inactive protein is precipitated by this treatment and most 
of the luciferin and other dialyzable compounds are certainly eliminated. 
That luciferin can pass through a dialysis membrane was demonstrated 
by Harvey (1917), and it seems reasonable to assume that oxidized luci¬ 
ferin is also dialyzable, although this has not actually been shown. 

Anderson found (1936), with luciferin purified by his method (1935), 
that the luminescent reaction of luciferin and luciferase, which requires 
the presence of oxygen, was irreversible. On the other hand, he foimd 
that the non-luminescent oxidation of luciferin which occurs in the pres¬ 
ence of dissolved oxygen or of certain oxidants (^.g., ferricyanide) can 
be almost completely reversed by Na 2 S 204 or suitable reductants, if the 
latter are added soon enough. Anderson concluded that the luminescent 
reaction of luciferin and luciferase and the non-luminescent oxidation of 
luciferin are quite different from each other. He found a redox potential 
for the reversible oxidation of luciferin, assuming that the oxidation 
removed two electrons per molecule, about 0.01 volt negative to quin- 
hydrone at 23® and pH 6.8 (Anderson, 1936). Korr (1936) found a 
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similar value. is, then, about +0.260 volt at pH 7. Anderson 
pointed out the similarity of this value to the redox potentials encoimtered 
in the case of certain naturally occurring polyhydroxybenzene derivatives 
studied by Ball and Chen (1933). He has emphasized the possibility 
that such a grouping may be present as part of the luciferin molecule. 
It is interesting to note that, in the work of Ball and Chen, the oxidized 
forms of the natural compounds whose potentials they measured were 
very unstable. In fact, it was necessary to use a flow technique in order 
to make the measurements. This feature of these compounds again shows 
a similarity to the luciferin-oxidized luciterin system, where the oxidized 
luciferin also seems to be unstable, since it cannot be reduced if it has 
stood too long in the presence of an oxidizing agent or of dissolved 
oxygen. 

Anderson (1936) studied the reversible non-luminescent oxidation of 
purified luciferin in some detail and found that the luminescent reaction 
which occurred upon adding luciferase to a solution of luciferin that had 
been exposed to air for a short time showed evidence of two distinct 
kinds of luminescence, a rapid and a slow luminescence, occurring simul¬ 
taneously. He attributed the intense, rapid luminescence to reduced 
luciferin in the solution and the dim, slow luminescence to reversibly 
oxidized luciferin which was being reduced in the presence of luciferase 
or of compoimds extracted with it. 

The oxidation of luciferin can be accelerated by irradiation with certain 
parts of the spectrum, as was shown by Harvey (1925, 1926). He used 
crude luciferin extracts from Cypridina and found that blue, violet, and 
near ultraviolet light were all effective in accelerating the oxidation. 
Chase and Giese (1940) later foimd that, when purified luciferin was 
used, the ultraviolet below 3000 A was effective, but ultraviolet of longer 
wavelength and the visible part of the spectrum were not, unless a 
photo-sensitizing compound was added. A number of compounds were 
foimd to act as sensitizers, including eosin and fluorescein. Boiled, crude 
aqueous extracts of Cypridina^ containing oxidized luciferin and all the 
other water-soluble components of the organism, were very effective, 
indicating that impurities in the crude extract were sensitizing the oxida¬ 
tion of luciferin irradiated by visible light in the case of Harvey’s earlier 
experiments. 

Chase and Giese found that, when the luminescent reaction was meas¬ 
ured upon adding luciferase to luciferin that had been irradiated with 
ultraviolet light or with visible light in the presence of a sensitizer, the 
reaction could be differentiated into two parts, one a bright luminescence 
and the other a dim luminescence, as Anderson had found in the case of 
luciferin that had stood in the presence of dissolved oxygen. An interest¬ 
ing exception occurred when the purified luciferin was irradiated with 
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visible light in the presence of riboflavin as a sensitizer. In this case, the 
luminescent reaction which ensued on addition of luciferase lacked the 
dim component, as shown in figure 1. Riboflavin evidently prevents the 



Figure 1. Typical iTiminescence curve obtained on addinar luciferase to luciferin solutions 
which have been irradiated for three minutes with visible light in the presence of about 
0.001 per cent concentration of riboflavin. Although an initial bright luminescence occurs, 
there is no light-emission after two minutes. The luminescence curves obtained after irradia¬ 
tion of luciferin with visible light with eosin present, and after ultraviolet irradiation with¬ 
out a sensitizer, both show not only a bright luminescence during the first two minutes, but 
also a dim luminescence which persists for at least sixteen minutes. 


reduction by luciferase (or whatever is responsible) of reversibly-oxidized 
luciferin. However, riboflavin is effective in this way only if the oxidation 
of luciferin is caused by the action of light with the flavin as sensitizer. 
If the luciferin is oxidized by dissolved oxygen, in the dark, with riboflavin 
present in the solution, and luciferase is then added, the resulting lumines¬ 
cence shows the bright and dim component ordinarily observed. 

Recently, Chase and Lorenz (1945) separated the velocity constants of 
the enzyme-catalyzed luminescent reaction of luciferin and of its non- 
luminescent oxidation. They measured the luminescent reaction at five 
temperatures and fitted the data with an equation representing two first- 
order reactions occurring simultaneously. Figure 2 shows their experi- 
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Figure 2. The luminescent reaction at five temperatures. The symbols represent experi¬ 
mentally measured total light emitted from the moment of mixing luciferin and luciferase 
to various times. The curves are theoretical, calculated from an equation derived on the 
assumption that two first order reactions are occurring simultaneously: one, the luminescent 
reaction of luciferin, and the other, its non-luminescent oxidation. 

mental points and the curves which describe them are theoretical. Since 
Anderson (1936) has demonstrated that the luminescent reaction of luci¬ 
ferin and luciferase is a different process from the non-luminescent oxida¬ 
tion of luciferin, it is clear that both these processes may occur simultane¬ 
ously. Chase and Lorenz assumed that, since dissolved oxygen is probably 
present in excess, the non-luminescent oxidation of luciferin might obey 
a first-order equation even though it might actually be a bimolecular 
reaction. Amberson had shown (1922) that the luminescent reaction 
obtained on mixing crude Cypridina luciferin and luciferase extracts 
obeyed the equation for a first order reaction. A record of the logarithmic 
decay of Cypridina luminescence is shown in the paper by Harvey (1948). 
The equation which describes the curves of figure 1 was derived by 
Chase and Lorenz on the assumption, then, that the luciferin is the prin¬ 
cipal substrate in two first-order reactions occurring simultaneously, only 
one of which results in light emission. If x is the luciferin consumed by 
the luminescent reaction after time, f, and y is the luciferin consumed by 
the non-luminescent oxidation reaction after time, and if ki and are 
the respective velocity constants and a is the concentration of luciferin 
initially present, then; 

dt 

< 

dt 


— ki(a — X — y) 

>are to hold siiiiultaneously. 

= kg (a — x — y) 
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This gives whencCj since y = 0 when a: = 0, y = — x. 

kx ^1 

Using this value of ji, — = ki^a — x — ■^^)' 

On integration and simplification, one obtains 

This equation describes the data of figure 2 rather exactly, the values 
of kx and ki being obtained directly from the experimental measurements. 

If the logarithm of k^ (the velocity constant of the non-luminescent 
oxidation reaction) be plotted against the reciprocal of the absolute 
temperature, a fairly straight line is obtained, as shown in figure 3, and 



RECIPROCAL ABSOLUTE TEMP. 


Figure 8 > Logarithmio of the calculated velocity constant of the non-luminescent oxida¬ 
tion of luciferin plotted asain^ the reciprocal of the absolute temperature. The slope repre¬ 
sents a value of about 25,000 calories for the energy of activation. 


the slope of this line corresponds to an energy of activation of about 
25,000 calories per mole. The velocity constant of the luminescent re¬ 
action, on the other hand, has a maximum value at about 23® C, the 
principal effect of temperature in this case being upon the enzyme, luci- 
ferase. 

Although the subject of this paper is the chemistry of luciferin, rather 
than the kinetics of the luminescent reaction, it seems proper to include 
one more datum from the kinetic point of view, in addition to those 
already mentioned. 
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Chance, Harvey, Johnson, and Millikan (1940) measured, by means 
of a special technique, the luminescent reaction of impuiified Cypridina 
luciferin and luciferase mixed in two different ways. In the first method, 
luciferin, in solution containing dissolved oxygen, was mixed with luci¬ 
ferase, also in solution containing oxygen. In the second method, a 
de-aerated solution containing both luciferin and luciferase was mixed 
with a solution containing dissolved oxygen. The luminescent reaction 
was much faster when the luciferase and luciferin were previously mixed 
than it was in the other case. The data were interpreted as showing 
that a combination between luciferin and luciferase is an essential require¬ 
ment for luminescence, and that this combination represents a relatively 
slow reaction. The analysis also showed that the enzyme, luciferase, is 
the light-emitting molecule. This latter interpretation has generally been 
made, although it has not been proved that the light-emitting molecule 
may not be luciferin. 

So far as the chemical structure of Cypridina luciferin is concerned, 
very little is known with certainty. However, several hypotheses have 
been advanced, most of them backed by some experimental evidence. 
The method of purification rules out any possibility that luciferin is a 
protein, while the redox potential measurements mentioned above have 
shown a possible relationship to hydroxybenzene derivatives. Anderson 
(1936) also interpreted the formation of benzoyl derivatives of luciferin 
as indicating the presence of reactive hydrogen which might be attached 
to nitrogen, sulfur or oxygen. Chakravorty and Ballentine (1941), how¬ 
ever, found no nitrogen or sulfur in luciferin. 

Giese and Chase (1940) found that luciferin purified by Anderson’s 
method, irreversibly lost its property of giving luminescence with luciferase 
when very small concentrations of cyanide were present, as illustrated in 
FIGURE 4. On the other hand, luciferin in crude extracts of Cypridina 
is not affected by high cyanide concentrations. This indicated a chemical 
reaction between luciferin and cyanide, and Giese and Chase calculated 
a molecular weight for luciferin of between 800 and 2400, assuming the 
luciferin to be 100 per cent pure and assuming a 1:1 combination between 
the luciferin and Ae cyanide. Since the luciferin is certainly not pure, 
the true value for the combining weight is probably at least as low as 800 
or even less. Giese and Chase interpreted the reaction with cyanide as 
due to cyanhydrin formation, and assumed an aldehyde or keto group 
on the molecule, which group might also be the site of combination with 
luciferase in the irreversible luminescent reaction. 

With a view toward obtaining corroborative data on the combining 
weight of luciferin, an attempt was made recently, in collaboration with 
Dr. C. B. Anfinsen (impublished), to determine an oxygen uptake by 
purified luciferin during its non-luminescent and luminescent oxidations, 
using the Cartesian diver method, and assuming two atoms of oxygen 
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Figukb 4. Quantity and rate of lisht-emisslon from identical samples of luciferin which 
were treated with various concentrations of cyanide, indicated on the curves, before addition 
of luciferase. Since the velocity constants of the cuiwes are essentially the same, the 
luciferin rather than the luciferase is affected by the cyanide. 

combined per molecule of luciferin in the non-luminescent oxidation. 
Although there were indications of oxygen uptake in some cases, the 
results were inconclusive. Parallel tests on the stability against oxidation 
of comparably small samples of luciferin solution, made it appear likely 
that the combination with oxygen, assuming that it does occur, took 
place during the time the divers were being filled and before the actual 
measurements of gas uptake could be started. R. S. Anderson has un¬ 
published data on the concentration of ferricyanide necessary to oxidize 
known amounts of luciferin, which indicate a combining weight of about 
the same order of magnitude found in the case of the cyanide experiments 
(personal communication). The uncertainty in all measurements of the 
combining weight of luciferin by such methods lies chiefly in the assump¬ 
tion as to the purity of the luciferin. The cyanide data of Giese and 
Chase certainly point to a combining weight (and probably molecular 
weight) of less than 1000, perhaps about half this value. There seems 
little doubt that luciferin is a relatively small molecule. 

Chase foimd (1942) that the luminescent reaction of purified luciferin 
and luciferase was reversibly inhibited by sodium azide. Since the total 
light was affected but not the velocity constant, the action of the azide 
was attributed to a reversible combination with the luciferin rather than 
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with the luciferase. As was pointed out in another connection by Johnson, 
Eyring, and Williams (1942; see page 259), this interpretation may not 
be justified in the case of a reversible combination. The reaction might 
equally well take place between the azide and luciferase, although this 
docs not seem likely. Figure 5A shows the effect of azide concentration 
upon the total light emitted. Experiments were run at pH 5.4 and at 
pH 6.6 and, as the figure shows, the azide was more effective at the lower 
pH. Since the pK of hydrazoic add is about 4.7, a higher concentration 
of the undissociated add would be present at pH 5.4 than at pH 6.6, 
For this reason, the effect was attributed to the undissociated add rather 
than the azide anion. 



FioiniB 6. A. Per cent decrease of total light plotted against the logarithm of the sodium 
azide concentration. Four series of experiments are shown, two at pH 6.6 and two at pH 6.4. 
A given azide concentration is more effective at the lower pH, Indicating that HNa may be 
involved. 

B. The same data plotted in terms of a mass law equation. The slopes of the lines are 
approximately unity, which may indicate that one azide molecule or ion combines with 
a single luciferm molecule. 


Since this reaction with azide is reversible, the data can be put into a 
form that makes them analyzable in terms of a mass law equation, as has 
been done in cases of inhibitor action on enzyme systems (see, for ex¬ 
ample, Fisher and Ohnell, 1940). In the present case, the analysis is as 
follows; 


Luciferin + a azide ^ ludferin (azide) ^ 

[Luciferin] [Azidef __ 

[Luciferin (Azide) J 

If [Luciferin] is called U and is put eqxial to the percentage of lumines¬ 
cence that occurs at any given aade concentration, taking as 100 per cent 
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the luminescence obtained when no azide is present, and if [Luciferin 
(Azide) a] is called I and is put equal to the percentage of potential 
luminescence that does not occur, then, 

—^K • [Azide]“®, or log •— = -a log [Azide] + log K, 

Therefore, by plotting logio against the logio of the azide concentra¬ 
tion, a straight line should be obtained and the slope of the line should 
give the value of a, the number of azide molecules which combine with 
a single luciferin molecule. Figure 5B shows the data plotted this way. 
It is apparent that the slope is about -1, indicating one molecule of 
hydrazoic acid combining reversibly with each molecule of luciferin. 

Fieser and Hartwell (1935) studied the reaction of hydrazoic acid 
with benzo- and naphthoquinones. According to them, an azido- 
hydroquinone is first formed, changing to an amino-quinone with libera¬ 
tion of nitrogen. Although a reaction of this sort would hardly be 
considered as readily reversible, it seems possible that a related type of 
reaction might occur in the case of luciferin and, if so, would be further 
evidence for a quinonoid structure. 

Chase has shown (1945) that luciferin, freshly dissolved in pH 6.8 
phosphate buffer in absence of air, has an absorption band at about 435 
mjic in the visible spectrum. Measurements of the absorption spectrum 
were made with a recording spectrophotometer (Hardy, 1935). If dis¬ 
solved oxygen is present, this band is rapidly replaced by another at 
about 465 m^L and this latter band then disappears slowly, leaving a prac¬ 
tically colorless solution (Chase, 1943). These changes in the visible 
absorption spectrum of luciferin solutions take place much more slowly 
if the pH is more acid than 6.8. For example, as figure 6 illustrates, at 
pH 5.1 the change is only about one-fifth as fast. Furthermore, at pH 
5.1 there is definite evidence, from the absorption spectrum, for the pro¬ 
duction of a compound having acid-base indicator properties during the 
exposure of the luciferin to dissolved oxygen. This compound absorbs 
more strongly in the violet and near ultraviolet at a pH of 5.1 than it does 
at pH 6.8, as is also shown in the curves of figure 6. The rate of change 
of the absorption spectrum increases with increase of pH in about the 
same way that the rate of non-luminescent oxidation of luciferin varies 
with pH in solutions containing dissolved oxygen (Chase, 1940). In fact, 
there is little doubt (Chase, 1943) that the amount of labile color in a 
luciferin solution is directly proportional to the concentration of luciferin, 
as measured by the total light obtainable from the solution. 

If the visible absorption spectrum of a luciferin solution is measured 
during the luminescent reaction of luciferin and luciferase (as can be 
done with the Hardy recording spectrophotometer, which is not affected 
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Figure 6. The left half shows the changes which occur in the visible absorption spectrum 
of a luciferin solution at pH 6,8 during exposure to air. Curve A is the spectrum 5 minutes 
after the luciferin was dissolved. Curve B was measured after a total elapsed time of 19 
minutes, curve C after 81 minutes, curve D after 44 minutes, curve E after 81 minutes, and 
curve F after 2 days. 

The right part of the figure shows similar measurements on a luciferin solution at pH 6.1. 
Curve A was measured 4 minutes after the luciferin was dissolved, curve B after 16 minutes, 
C after 30 minutes, D after 69 minutes, E after 81 minutes, F after 300 minutes, and G after 
26 hours. 


by continuous light-emission in the sample), it is found that the same 
changes take place, but that they occur one hundred times as fast as 
during the spontaneous, non-luminescent oxidation of luciferin in absence 
of the enzyme. Absorption spectra measured during the luminescent re¬ 
action and during the non-luminescent oxidation of luciferin are com¬ 
pared in FIGURE 7. 

It seems possible that the shift of absorption maximum from 435 m/jt 
to 465 mjLi may be correlated with the reversible oxidation of luciferin 
demonstrated by Anderson (1936). The two facts that, first, the products 
of the luminescent reaction of luciferin and of its reversible, non-lumines¬ 
cent oxidation are evidently different (Anderson, 1936) and that, second, 
the changes in the absorption spectrum are the same during the two 
reactions (Chase, 1943), would not appear to support such an interpre¬ 
tation. However, the two reactions might be different without necessarily 
causing a difference in the light-absorbing groups of the molecule. Further 
experimental evidence is needed before more than tentative conclusions 
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can be drawn. If the assumption be granted that the shift in spectral 
absorption actually represents the reversible oxidation, then this might 
indicate the oxidation of a polyhydroxybenzene derivative or related com¬ 
pound. So far, no attempt has been made to demonstrate the reverse 
shift of the absorption band from 465 mju. to 435 xrifx as a result of reduction 
of spontaneously oxidized luciferin. 



420 460 SCO S40 420 460 SOO 540 
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Figure 7. The curves shown in the left half of the figure are absorption spectra of a 
luciferin solution measured during exposure to air. Curve G is the spectrum immediately 
after the luciferin was dissolved; H, 1, J. E, L, M and N, aftar 9, 20. 80. 89, 49, 455 and 
H40 minutes, respectively. 

In the right half of the figure are shown absorption spectra of a luciferin solution in which 
luminescence is occurring due to the action of luciferase, the enayme. Curve A is the spectrum 
immediately after the luciferin was dissolved, but before Uie luciferase was added. Curve B 
was measured 1 minute after the luciferase was added, curve G after 12 minutes, I) after 
22 minutes, E after 40 minutes and F after 457 minutes. The changes in the absorption 
spectrum are about 100 times as rapid during luminescent oxidation by luciferase as during 
non-luminescent oxidation. 
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The slow disappearance of the 465 m/i band upon prolonged exposure 
to dissolved oxygen, or its rapid disappearance in the presence of luci- 
ferase, may inicate the disruption of a ring structure. If this be true, 
it is not surprising that the luminescent oxidation of ludferin should be 
irreversible. As mentioned earlier, the oxidation products of the naturally 
occurring polyhydroxybenzene derivatives studied by Ball and Chen 
(1933) were also unstable compounds. It has been shown by Hooker 
(1936) that during oxidation by alkaline potassium permanganate, cer¬ 
tain 2-hydroxy-l,4-naphthoquinone derivatives rmdergo an opening of 
the quinone ring followed by subsequent closure. If a similar reaction 
occurred in the irreversible oxidation of luciferin (although there is, of 
course, no experimental evidence for such a mechanism), it seems qtiite 
conceivable that the ring, having opened, might become so constituted 
that it could not close. This would be a possible explanation for the 
irreversible step in the oxidation, the reverable step having been the 
oxidation to a quinone. 

Chakravorty and Ballentine (1941), in a short note, summarized the 
then available chemical data on Cypridina luciferin and suggested a 
partial structure for the molecule, illustrated in figure 8 . The authors 

OH 

I 

I I 

1 

OH > 

A 

Figure 8. The partial structure suffffested for luciferin by Chakravorty and Ballentine 
(1941) . The group labeled "A” would represent the part of the molecule capable of reversible 
oxidation and reduction but not necessarily concerned in the luminescent reaction. The side 
chain labelled “B” would be capable of reacting with benzoyl chloride or cyyide or, perhaps, 
with luciferase, and could be oxidized to a carboxyl group as a result or the luminescent 
reaction with the enzyme. 


*^-C0-CH20H 

B 


found further evidence for a keto group from the fact that a microcrystal- 
Kne precipitate was obtained upon treatment of luciferin with hydroxyla- 
mine acetate. They suggested that the irreversible luminescent reaction 
involved the oxidation of the side chain to a carboxyl group, as follows: 

R-CO-CHaOH -j. R-COOH. 
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If this were correct, they reasoned that it should be possible to regenerate 
the starting material from the product of the luminescent reaction by 
appropriate chemical treatment, thus: 

R-COOH-5^^??-R-COC l - ^—^ -> R-CO-CHN 2 

R-CO-CHN 2 ——-> R-CO-CH 2 OH. 

After having treated luciferase-oxidized luciferin in this way, they obtained 
a compound which, they believed, gave luminescence with luciferase, 
greater in intensity than was obtained from their control. Unfortunately, 
no quantitative measurement of the luminescence was made, and the light 
which was obtained was probably only a very small percentage of that 
which should have been expected, considering the high concentration of 
luciferase-oxidized luciferin in their starting material. The experiment is 
especially significant, however, in that it represents probably the first 
attack upon the problem of the structure of luciferin by the methods of 
organic chemistry. A continuation of this kind of approach should prove 
fruitful. Chakravorty and Ballentine also reported microchemical analy¬ 
ses of samples of purified luciferin, which showed no nitrogen, sulfur, 
halogen, or ash. 

McElroy and Ballentine (1944) found evidence for the presence of 
acid-labile phosphate in purified luciferin. They also reported a signifi¬ 
cant increase in inorganic phosphate during the luminescent reaction, 
and stressed the possibility that formation of an energy-rich phosphate 
bond may be involved in the luminescent reaction. Eymers and van 
Schouwenburg (1937) had measured the emission spectrum of crude 
extracts of Cypridina luciferin and luciferase. Their analysis showed two 
fundamental frequencies: one of 21,250, corresponding to a wavelength 
of 470 m/i, and another smaller component of 18,200, corresponding to a 
wavelength of 549 m/x. These frequencies represent energies of about 
59,000 and 50,000 calories, respectively, and, according to McElroy’s and 
Ballentine’s calculations, the preservation of energy as phosphate bond 
energy from oxidation of the postulated side chain of luciferin, and the 
subsequent release of this energy through reaction with luciferase would 
be sufficient to produce luminescence having the observed spectral quality. 

If luciferin does have an hydroxybenzene, or related, structure and if 
it can be reversibly oxidized to a quinone, measurements of its ultraviolet 
absorption spectrum would be expected to throw light on the specific 
configuration of the molecule. The only such measurements so far re¬ 
corded (Chase, 1943; Chase and Giese, 1940) cannot be regarded too 
seriously, since impurities were certainly present in the luciferin solutions 
even after two cycles of purification by Anderson’s procedure (1935). 
Impiuities would doubtless cause much greater interference with the 
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ultraviolet spectrum than in the visible. An ultraviolet and visible absorp¬ 
tion spectrum of luciferin in pH 6.8 phosphate buffer is shown in figure 
9, measured immediately after dissolving the luciferin and after exposure 



WAVELENGTH-' mil 

Figure 9. Visible and ultraviolet absorption spectra of a luciferin solution at pH 6.8. 
The spectra were recorded with the Harrison and Bentley spectrophotometer (1940). Curve 
A was measured as soon as possible after the luciferin had been dissolved. Curve B was 
measured after exposure of the solution to air for 82 minutes, and curve C after 24 hours* 


to air during two time-intervals. A qualitative resemblance to the spectra 
of ^-quinone and of certain naphtho- and anthraquinone derivatives actu¬ 
ally seems to exist, and it is possible that luciferin may have an aromatic 
ring structure as its nucleus. Since the solvent frequently exerts a consid¬ 
erable effect on the absorption spectrum of a solution, precise measure¬ 
ments of the absorption spectrum of luciferin should be made, using a 
variety of solvents, in order to secure data susceptible of interpretation in 
terms of structure. 

With the ultraviolet absorption spectrum measurements, such as they 
are, favoring p-quinone, naphthoquinone or anthraquinone derivatives, 
the first-mentioned structure seems most acceptable in view of the fact 
that the Eo' (pH 7) of the luciferin system is almost identical with that 
of quinhydrone (Anderson, 1936; Korr, 1936) and not sufficiently nega- 
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tive to fall in the range characteristic of naphtho- and anthraquinones. 
It must be remembered, however, that substitution in a quinone ring can 
greatly change the oxidation-reduction potential in either a positive or 
negative direction, depending upon the nature of the substituent group. 

As stated earlier, luciferin and luciferase have not yet been extracted 
from luminous bacteria although there is every reason to believe that they 
occur. Recently Kluyver, van der Kerk, and van der Burg (1942) 
determined the action spectrum for the inhibition of bacterial lumines¬ 
cence by light of various wavelengths in the visible and ultraviolet. Assum¬ 
ing that this action spectrum represented the absorption spectrum of a 
compound closely related to bacterial luciferin, probably oxidized luci¬ 
ferin, they tentatively identified this compound from its spectrum, and 
from other considerations, as a 1,4-naphthoquinone derivative with a 
ketohydroxy group directly substituted in the quinone ring. They based 
their interpretation largely upon the conclusions of Chakravorty and 
Ballentine (1941), discussed above. There is a possibility, as the authors 
point out, that the action spectrum in this case may be affected by inert 
colored compounds in the medium or in the bacterial cell, or that it may 
represent the absorption spectrum of some compound which is so acting 
as to sensitize to light a component of the luminescent reaction. The 
action spectrum as measured might not, therefore, necessarily represent 
the absorption spectrum of oxidized luciferin. Although the actual com¬ 
parison of the measured action spectrum with the absorption spectrum 
of the naphthoquinone derivative is not shown in their paper, it does 
appear in the doctorate thesis of van der Kerk (1942). YhAle there is a 
qualitative resemblance between the two spectra as far as shape is con¬ 
cerned, the actual positions of absorption bands differ rather widely. 
Furthermore, the spectrum of the naphthoquinone derivative was meas¬ 
ured in hexane, whereas the solvent for the hypothetical oxidized bacterial 
luciferin is unknown but is presumably largely aqueous. For these reasons, 
the conclusions as to structure should, as the authors themselves stress, be 
considered as purely tentative. • 

Another investigation on the luminescent reaction in bacteria which 
has yielded information as to certain characteristics of bacterial luciferin 
is that of Johnson, van Schouwenburg, and van der Burg (1939). They 
recorded the flash of luminescence in bacteria, following anaerobiosis 
imder a variety of conditions. They concluded* that, since their data 
indicated that the luminescent oxidation of luciferin by luciferase and 
oxygen is evidently irreversible, whereas the dark oxidation by a substrate 
(or its breakdown product) is reversible, the situation is rather closely 
comparable to that in Cypridina extracts. Anderson (1936) had shown 
that the luminescent and non-luminescent oxidations of Cypridina luci¬ 
ferin resulted in different products. Johnson, van Schouwenburg, and 


* See page 211 of their paper. 
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van der Burg suggested, in addition, that the two oxidations might well 
occur on different portions of the luciferin molecule. That is, that the 
moipndp might have one group which might easily undergo reversible 
oxidation and reduction, while an entirely different group might be irre¬ 
versibly oxidized with light emission. 

A privately printed doctoral thesis by C. J. P. Spruit (1946) has re¬ 
cently appeared. This contains, among other things, the ultraviolet ab¬ 
sorption spectra of a number of compounds with structures related to 
those that have been suggested for luciferin as a result of the work of 
Anderson (1936), Giese and Chase (1940), Chakravorty, and Ballentine 
(1941), van der Kerk (1942), Kluyver, van der Kerk, and van der Bmrg 
(1942), and Chase (1943). Spruit concludes that bacterial luciferin may 
have Ae following structure: 

M 0 

CCr= 

OH 

The compounds whose absorption spectra he measured include some 
thirty-three anthra-, naphtho- and benzoquinone and hydroquinone de¬ 
rivatives, Since Spruit’s conclusion as to the structure of bacterial luci¬ 
ferin depends upon a comparison of the spectra of these known compounds 
with that of luciferin, the absorption spectrum of luciferin itself should be 
established more definitely than hks so far been possible before the struc¬ 
ture suggested by Spruit can be considered proven. The ultraviolet ab¬ 
sorption spectra so far reported for Cypridina and bacterial luciferin, 
whether measured by direct or indirect methods, may easily have been 
distorted by the presence of impurities. Consequently, comparisons with 
the spectra of kitown compounds must be made with caution and a good 
deal of reservation. 

Johnson (1947) in a comprehensive review paper on bacterial lumines¬ 
cence and Johnson and Eyring (1944) have called attention to the possi¬ 
bility that luciferin may be a prosthetic group on the protein enzyme, 
luciferase. Part of their evidence for this hypothesis is their demonstration 
that Cypridina luciferase solutions which have been subjected to pro¬ 
longed dialysis can be made to luminesce by the addition of Na 2 S 204 , 
followed by aeration of the solutions. They suggest that this prosthetic 
group may possibly be of flavin nature, although most of the experimental 
evidence available at present would appear not to favor such a structure 
for the luciferin molecule (Anderson and Chase, 1944; McElroy and 
Ballentine, 1944). 
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The purification of Cypndina luciferin by crystallization has been a 
goal of all workers in the chemical field of bioluminescence since luciferin 
was first extracted but, save for one doubtful preliminary report, no one 
has succeeded in obtaining crystals. Kanda (1932) reported crystalliza¬ 
tion of luciferin but his paper did not contain photographs of the crystals. 
The work has not been confirmed by other investigators nor have further 
papers on the subject been published by him. 

The only crystalline derivative of luciferin so far reported is the micro- 
crystalline precipitate mentioned by Ghakravorty and Ballentine (1941), 
wWch was obtained on treatment with hydroxylamine acetate. Here, too, 
no photographs are shown. When the irreversible reaction between puri¬ 
fied luciferin and cyanide (Giese and Chase, 1940) was first observed, 
indicating the possible presence in luciferin of an aldehyde or keto group, 
an attempt was made to obtain a crystalline derivative by reaction with 
2,4-dinitrophenylhydrazine. However, this was not successful. Obvi¬ 
ously, the formation of any kind of crystalline derivative, whether capable 
of producing light with luciferase or not, would be valuable as a means 
of obtaining material of a high degree of purity for quantitative analysis, 
as a lead towards establishment of structure. The scarcity of the starting 
material, Cypridina, means that micro-methods, rather than the easier 
macro-techniques, must be used in all such work. 

It may be interesting to summarize briefly some unpublished data by 
Dr. Harvey and myself on relative solubilities of Cypndina luciferin, both 
crude and purified, in various solvents. The amount of luciferin in solu¬ 
tion was determined by measuring the total light available from an aliquot 
of the solution, on addition of luciferase, at constant pH. As had been 
observed earlier by Harvey, by Kanda, and by Anderson, we, too, found 
that great differences in the relative solubility in different solvents existed, 
depending upon whether the crude, dry Cypridina powder or the purified 
luciferin were used. The purified luciferin (Anderson’s method), in the 
quantity used, was foimd to be completely soluble in the following sol¬ 
vents: methanol, ethanol, butyl alcohol, isobutyl alcohol, and propyl 
alcohol. Amyl alcohol, acetone, chloroform, aniline, and 0.06 M, pH 
6 8 phosphate buffer dissolved only 50-75 per cent of the available luci¬ 
ferin. Ethyl ether, petroleum ether, and benzene dissolved none. 

Luciferin in the form of the dry, powdered Cypndina material was 
found to be most soluble in methanol. Calling this value 100 per cent, 
ethanol dissolved about 16 per cent, propyl alcohol about 10 per cent, 
and butyl alcohol, isobutyl alcohol, amyl alcohol, acetone, chloroform, 
and ethyl ether dissolved practically none (0.5 per cent). Preliminary 
benzene extraction of the crude, powdered material in a Sohxlet caused 
a significant increase in the relative amounts of luciferin extractable by 
ethanol, butyl alcohol, and propyl alcohol. No measurable luciferin was 
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removed by the benzene in the preKminary treatment. The details are 
given in table 1. 

Table 1 

Relative Solubilities in Various Solvents of Purified Luciferin, Luciferin 
IN Dry Cypridina Powder, and Luciferin in Benzene-Extracted 
Dry Cypridina Powder 


Solvent 

Relative amount of luciferin extracted 

Purified 

luciferin 

Untreated 
Cypridina powder 

Benzene-extracted 

powder 

Methyl alcohol 

98 

100 

100 

Ethyl alcohol 

94 

16 

34 

Butyl alcohol 

100 


12 

Isobutyl alcohol 

100 

5 1 

— 

Propyl alcohol 

98 

10 

24 

Amyl alcohol 

83 

0 

5 

Acetone 

74 

1 

0 

Chloroform 

44 

3* 

6* 

Ethyl ether 

0 

0 

2 

Petroleum ether 

0 



Benzene 

0 

_ 

_ 

Aniline 

77 

— 

— 

Phos. buff., pH 6.8 

49 

— 

— 


* Solid fragments present in the solution. 


It seems quite clear, from these results on relative solubilities, that the 
luciferin, as it occurs in the crude state in the gland of Cypridina, must 
be bound in some way, or else be actually different, chemically, than 
it is in the purified condition. This same conclusion was reached earlier 
by both Harvey and Kanda. If there is an actual chemical difference, 
this cannot be great enough to alter the structure sufficiently to preclude 
reaction with the enzyme, luciferase. These differences between the 
unpurified and purified material certainly make it evident that experi¬ 
mental work must be confined to only one kind of luciferin preparation: 
preferably, at least at this stage, to luciferin purified by Anderson’s 
method. Otherwise, inconsistencies are bound to occur which will con¬ 
fuse, rather than help to clarify, the problem. 

As will have become apparent, the chemical structure of the luciferin 
of Cypridina is still far from known, although a number of facts have 
accumulated that bear directly on the problem, and several partial struc¬ 
tures have been postulated on the bases of these data. It seems likely 
that the reversible oxidation may represent a reaction analogous to the 
oxidation of hydroquinone. Furthermore, the redox potential of the 
luciferin system certainly resembles those of naturally occurring poly- 
hydroxybenzene derivatives whose oxidized forms are unstable, as is also 
the case with luciferin. The irreversible reaction between purified luci¬ 
ferin and cyanide may indicate a free aldehyde or keto group, and the 
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chemical experiments of Chakravorty and Ballentine point to some sort 
of kctohydroxy side chain. The reaction with azide may indicate a 
quinone nucleus for reversibly oxidized luciferin, although this interpret 
tation is only one of several which could be made in the light of those 
data. The evidence for a naphthohydroquinone structure with a keto- 
hydroxy side chain for bacterial luciferin is probably not sufficiently 
conclusive to do more than indicate such a possibility. The published 
measurements of the ultraviolet absorption spectrum of Cypridina luci- 
ferin, although they, too^ suggest an aromatic ring structure as the skele¬ 
ton of the molecule, suffer from impurities and require remeasurement 
imder a variety of conditions. The splitting-off of phosphate in the 
luminescent reaction certainly seems relevant in a consideration of 
structure. 

A promising lead for determining the structure of luciferin may be 
its rather peculiar color change during oxidation. The change in spec¬ 
tral absorption from 435 m/jt to 465 mju on exposure to air and the sub¬ 
sequent loss of all visible light absorption on further exposure are rather 
unique properties. Any known compound which possesses such prop¬ 
erties should be capable of transformation, by suitable chemical treat¬ 
ment, into luciferin. Since the luminescent reaction itself is enzyme- 
catalyzed, it is obvious that, in addition to the fundamental structure of 
the molecule, there must be one or more very specific groupings. The 
problem, then, once the basic structure has been found from absorption 
spectrum data, would involve making various derivatives by substitution 
of side chains, imtil a compound is obtained which can react with luci- 
ferase to give luminescence, 
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THE FUNDAMENTAL ACTION OF PRESSURE, 
TEMPERATURE, AND DRUGS ON ENZYMES, 

AS REVEALED BY BACTERIAL LUMINESCENCE 

By Frank H. Johnson and Henry Eyring 
Department of Biology^ Princeton University, Princeton, N. J,, and 
The Graduate School, University of Utah, Salt Lake City, Utah 

With any given enzyme reaction or more complex biological process, 
a full interpretation of the kinetics involves an understanding of the 
mechanisms through which temperature, hydrostatic pressure, and in¬ 
hibitors of various kinds influence the observed rate. While the theory 
of equilibria in regard to temperature, pressure, and concentration of 
reactants has been known for some years, it is scarcely a decade since 
the rational and precise theory for change became available, in the theory 
of absolute reaction rates^’" for a rate process such as that of a 
simple chemical reaction. Inasmuch as the same theory undoubtedly 
holds as well for each of the individual reactions which collectively lead 
to any biological phenomenon, the problem is to see how it may be applied 
to single reactions in the midst of many, and to what extent it may 
account, quantitatively, for the process as a whole. In some cases, for 
example with an extracted and purified enzyme system, the kinetics 
might be expected to be relatively uncomplicated, although simultane¬ 
ous reactions involving the same molecule may influence the over-all rate 
of the measured process. In living cells, on the other hand, a series of 
systems is generally concerned, and under various conditions one or 
more systems may be largely rate-determining, in each case influenced 
in their activity by simultaneous equilibria and rate processes. When a 
single system remains largely limiting, however, it is reasonable to believe 
that even complex processes might be analyzed, approximately, in the 
manner of a single reaction. 

For investigating the problem at hand, luminescence possesses distinct, 
and in certain respects unique advantages. In the first place, the inten¬ 
sity of the light is evidently proportional to the reaction velocity of the 
“luciferase” with “luciferin,” as shown by kinetic studies with crude as 
well as with partially purified extracts of Cypridina? Although lumines¬ 
cent extracts have not as yet been obtained from bacteria, spectroscopic 
and other lines of evidence indicate that the light-emitting system is not 
fundamentally different in the two cases. Inasmuch as the intensity of 
luminescence may be easily recorded by means of a photoelectric cell or 
other devices,^ the rate of reaction, in relative units, can be determined 
with considerable accuracy for a given instant. Likewise, the course of 
more or less rapidly changing reaction rates may be followed during very 
brief as well as over longer periods of time. 

(376) 
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In non-reproducing bacteria, under favorable physiological conditions, 
luminescence is in a steady state, with constant intensity. In extracts 
of Cypridina, the reaction is first order with respect to both the concen¬ 
tration of dihydroluciferin and of active lucifcrasc, and the luminescent 
oxidation is accompanied by the destruction of a large part of the 
luciferin.®’ ® In bacteria, if any considerable destruction of the luciferin 
accompanies the light-emitting oxidation, the luciferin must be formed 
from some precursor at the same rate, in order for a uniform intensity 
to be maintained. Since excited molecules are generally stabilized by 
radiating, whereas excited molecules which do not radiate are apt to be 
destroyed, repeated oxidation and reduction of the same luciferin mole¬ 
cules very likely occurs, with perhaps much less of the destructive reaction 
in living cells than in extracts. In any case, the uniform luminescence 
intensity of bacteria indicates that the concentration of the reactants, 
luciferin and luciferase, in effect remains constant with time. Thus, 
the intensity (J) of the light will be proportional to the amount of 
active luciferase [A^) times the amount of reduced luciferin [LH 2 ) 
times the specific reaction rate constant, k, times some proportionality 
constant, h: 

I = bk(An)(LH2). (1) 

While it is apparent that several equilibria and rate processes precede 
actual light emission® the evidence from flow-method studies with Cypri- 
dina extracts^ indicates that equation 1 represents the slowest reaction. 
A scheme of consecutive reactions consistent with the known facts con¬ 
cerning luminescence in bacteria and in extracts is given in table 1. 
Excited luciferin is designated by L*, and destroyed luciferin by L^. 


Table 1 


Reactions with luciferase 

Additional reactions that occur with and 
without luciferase 

(1) AL + jPH, ?i: ALH, + jsr 

(2) A + La^iALH. 

(3) ALH, + 0. ALH + Ha 

(4) ALH ^ AL- + H+ 

(5) alpha AL- + LH AL* + LH' AL 

+ LH-4-A0 

(5) beta AL- + LH -»• AL + LH’ 

(5) gamma AL- + LH AL, + LH' 

(6) ALH + a AL + Ha 

(7) AL + a AL, 

(1') L + jfa LH. + 

(3') LH, + 0. LH + HO, 

(4^) LH ^ L” 4“ H'*' 

(5') alpha L- + LH ^ L* + LH- L + 

LH- + hv 

(S') beta L- -j- LH -4 L + LH- 
(5' ) gammaL" LH Li 

(6') LH + O 2 L 4- HOa 

(7') L + 


In this scheme, the transfer of an electron between two semi-quinone 
forms of the luciferin leads to excitation, followed by radiation. The 
luciferin is presumed to be the radiating molecule, because of the cor- 
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respondence between the absorption spectrum of luciferin and the emis¬ 
sion spectrum of the luminescent reaction,®’ ® together with the fact that 
luciferin emits light in 95 per cent alcohol at 70® a condition under 
which the enzyme might be expected to be inactive. 

Thus, the over-all process of luminescence may be limited in various 
ways, even though reaction 2 ordinarily remains the slowest of the scries. 
At very low oxygen tensions, for example, reaction 3 becomes limiting. 
In acid pH, the amount of ALH decreases and, to this extent, reaction 4 
may be considered limiting. In alkaline pH, the amount of LH may be 
considered limiting, etc. All these reactions, however, are fast in com¬ 
parison with reaction 2, even though alterations in the steady state con¬ 
centration of subsequent reactants, e.g,, by changes in pH, influence the 
level of luminescence intensity in a corresponding manner. At optimum 
pH, with oxygen not limiting, and with excess of glucose, the over-all rate 
is determined by the specific reaction rate constant, the amount of luci¬ 
ferin, and the amount of active luciferase, as given in equation 1. 

A second, unusual advantage of luminescence in analyzing the kinetics 
of over-all processes that occur in living cells is that the enzyme system 
concerned is not preceded by a considerable number of other systems 
engaged in a stepwise hydrogen or electron transfer. The evidence that 
this is so derives from die facts that (a) glucose added to washed cells 
immediately results in large increases in luminescence, showing that some 
of the hydrogen from glucose is transferred via the luciferin-luciferasc 
system, with light emissionand (b) the wavelength of maximum 
intensity corresponds to a transition with A F® = 60,700 calories, as com¬ 
pared with the average A F® of 57,340 calories for two hydrogens in the 
oxidation of glucose.® Thus, in luminescence, some fraction of the hydro¬ 
gens from glucose goes almost directly to oxygen, by way of the luminescent 
system, and the energy is released through visible radiation. 

Finally, since luminescence may be studied both in living bacterial cells 
and in a corresponding system extracted and partially purified from 
Cypridina, it is possible to ascertain whether inhibitors which influence 
the intensity of the light in cells also act, at equivalent concentrations, on 
the system in vitro. Moreover, by measuring the effect of a given inhibi¬ 
tor on the total light in extracts, it is possible to distinguish between those 
which, like certain ions^^ quench luminescence, and those, such as 
urethane or sulfanilamide,^® which retard the rate of the enzyme reaction 
without affecting the total light produced. 

In order to account for the reversible effects of temperature and hydro¬ 
static pressure on bacterial luminescence, it is necessary to modify 
EQUATION 1 to include an equilibrium between active and inactive forms 
of one of the reactants.^®’ Since this equilibrium, which rapidly be¬ 
comes a conspicuous limiting factor with rise in temperature beyond the 
normal optimum, has been found to be characterized by the high heat 
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and entropy typical of protein denaturation, it evidently concerns the 
enzyme.^®’ Letting Ki represent the equilibrium constant between 
active {An), and inactive or reversibly denatured (Aa) forms of the 
enzyme, and Ao the total of + { Ad ), equation 1 becomes 

_ bk(LH,)(A,) 

' 1 + Ki ’ 

which, by definition of the equilibrium constant Kj and of the rate 
constant k in accordance with the theory of Absolute Reaction Rates^* ® 
maybe written: 

,r - Ml 

hK^-e (LH,)(AJ 


1 + e 



AHt 

RT 


1 e 


ASt 

e ^ (LH»)(Ao) 


AHj ASi 
RT ^R 


b 



AEt 

RT 


AO. AO 

RT ^ R 
e 


(LH,)(Ao) 


AEi « . AV^ as I 

^ ^ RT ^ RT R 

1 + e e e 


( 3 ) 


Equation 3 contains some unknown quantities, (LH^), (Ao)^ and 
AS^j which cannot be readily determined. Under chosen conditions, 
however, where luminescence of fully aerated, non-reproducing cells is 
constant with time, these quantities may be assumed essentially constant. 
The same applies to k, the transmission coefficient, k, the Boltzman con¬ 
stant, hj Planck’s constant, and 6, the proportionality constant. Conse¬ 
quently, they may be included in a single constant, c, and equation 3 
then becomes 


/i=- 


cT e 


Am 

RT 


c'Te 


AEt 

RT 


/ + ^ 


AHi ASi 
'RT R 


7 + ^ 


AJEi 

RT 


- P 


A Ml 
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RT "ie 
e 


(4) 


Equations 3 and 4 show that the over-all intensity of luminescence, 
under optimal physiological conditions of pH, oxygen, salt concentration, 
etc., will be determined by the influence of temperature on two reactions 
involving the same molecule, namely, the rate of the catalytic reaction 
and the inactivation equilibrium of the enzyme, respectively. 
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The values of the constants in equation 4 may be estimated from 
experiments in which I is measured at different temperatures and pres¬ 
sures. Thus, the apparent AH*, which at normal pressure is indistinguish¬ 
able from ‘V of die Arrhenius equation, is computed from the slope of 

the line relating In I and temperature range where the 

value of Ki is negligible. AHi is obtained from the slope of the decreasing 
I with T at temperatures above the optimum, and adding to 

this the value of AH*, disregarding signs. AF* may be determined from 
the slope of the line relating In I to pressure (p) in atmospheres at low 
temperatures. AF^ is obtained from a similar plot at high temperatures, 
A£ from the relation, Af/ = A£ + p^V, and A5 from the relation 

ah AS AE AV AS 

„ “ " r " ~ RT RT R 

K = e e = e e e 

These constants then make it possible to calculate, using equation 4, 
the intensity of luminescence with some accuracy at various temperatures 
and pressures, as shown (figure 1) by Eyring and Magec.^® In this 



Figure 1. Rdation between the intensity of luminescence (Photobaeterium phosphoreum) 
and temperature, under normal and incr^sed hydrostatic pressures of 4,000 and 7,000 
lbs./sQ. in., respectively. The solid lines are curves calculated by Eyring and Magee^® as 
described in the text; the points represent data from experiments of Brovm, Johnson, and 
Marsland.^'^ Logarithmic scale on the ordinate. 
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case, amounts to 50 cc. per mole at 0° G, and AVi to 64 cc. at 35® C, 
but a temperature dependence of these constants has been taken into 
account. The constants employed are as follows: = 17,220 calories, 

AV^ == 546.4 — 1.813T cc., AE^ = 55,260 calories, ASj = 184 Entropy 
units, AFj = "“922.8 + 3.206T cc. 

The difference in the values of the constants for the luciferin-luciferase 
reaction and for the inactivation equilibrium of luciferase, respectively, 
are largely responsible for the optimal temperature of luminescence at a 
given pressure, and likewise for an optimal pressure at a given tempera¬ 
ture. The apparent activation energy of 17,220 calories at atmospheric 
pressure is similar to, or not very different from, those familiarly associated 
with enzyme reactions and more complex biological processes as a whole. 
The heat and entropy of the inactivation equilibrium, as pointed out 
above, are typical of protein denaturation. The volume changes of 
activation and of reaction, respectively, are of particular interest, since 
both are high and show that in each case the reaction involves a very 
large molecule. These volume changes indicate that fairly drastic alter¬ 
ations in the structure of the molecule take place both in the formation 
of the activated complex and in the reversible inactivation. They prob¬ 
ably indicate considerable unfolding of the protein from a somewhat 
globular to a more fibrous form. Thus, in the process of catalysis, it 
would appear necessary for the enzyme to change its configuration to fit 
the substrate, although such a change would not be necessary if the 
active or combining groups of the enzyme are at the surface, which 
appears to be the situation with invertase.^"^ 

Turning now to the action of inhibitors which combine reversibly with 
the luminescent system, it is evident from equation 2 that the equilibrium 
through which the system is inactivated may be established either inde¬ 
pendently of the denaturation equilibrium (Type I) or in relation to it 
(Type II). The former mechanism has the likeness of a combination of 
the inhibitor with a prosthetic^ group of the enzyme, or possibly the 
luciferin. In this case, kinetic data alone are not sufficient to distinguish 
between the enzyme and substrate as site of action."^® Type II represents 
a combination of the inhibitor with bonds which are involved in the 
denaturation equilibrium. Although Types I and II cannot be distin¬ 
guished experimentally on the basis of the relation between concentration 
of inhibitor and the amount of inhibition observed, other conditions 
remaining constant, they may, in general, be expected to behave in 
different ways as pressure and temperature are varied. Thus, in Type I, 
letting Ks represent the equilibrium constant, independent of pressure 
would be expected to have only slight influence, while a rise in tempera¬ 
ture should result in a decrease in per cent inhibition, as the enzyme- 
inhibitor complex is dissociated and Kg becomes smaller. Since the 
inhibition at a given drug concentration is less at lower temperatures, an 
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increase in apparent activation energy of the luminescent reaction occurs 
in the presence of the drug, and the temperature of maximum lumines¬ 
cence is slightly increased. On the other hand, in Type II, with equil¬ 
ibrium constant Ks because of its dependence on Ki, which is character¬ 
ized by a large volume change of reaction, a pronounced effect of pressure 
on the inhibition would be anticipated. Thus, at temperatures near the 
normal optimum, moderate inhibitions by alcohol can be completely 
reversed by hydrostatic pressure,® as illustrated in figure 2. The influence 



Figube 2. The relation between hydrostatic pressure and the amount of inhibition of 
mmin^cence at 17.6® C caused by the various concentrations of alcohol indicated on the 
flfirure.® {Pnotobactenum phosphoreum.) 

of pressure on the inhibition caused by various drugs, including represen¬ 
tatives of both types, is illustrated in figure 3.^ As for temperature, the 
influence in this type depends on both Ki and Ks, that is: although the 
enzyme-inhibitor complex dissociates with rise in temperature, the bonds 
with which the inhibitor combines may be more available; Ki increases 
and Ks decreases as the temperature is raised, and the net result depends 
on Ki times Ks> In the cases studied, the per cent inhibition increases 
with rise in temperature, resulting in a lowering of the apparent activa¬ 
tion energy, a decrease in the observed heat of denaturation, and a 
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somewhat lower temperature of maximum luminescence^ in the presence 
of a given drug concentration. 





PKESSURE w POUNDS PBVSQ.IH. 


Figure 8. The relation between hydrostatic pressure and the amount of inhibition of 
luminescence caused by a given concentration of various drugs, at 17 to 18" C. The intensity 
of tibe drug-free control at atmospheric pressure has arbitrarily been taken as 100, and the 
other points computed in relation to it. {Photobacteriwn phosphoreum.^) 

The relation between luminescence intensity and temperature, without 
the addition of drugs, and in the presence of a single concentration of 
sulfanilamide and urethane, respectively, is illustrated in figure 4.® 
These respective mechanisms may be formulated, and expressions ob¬ 
tained for arriving at the constaints. Kg and Kg, from the data of experi¬ 
ments. Thus, letting Ig represent the observed luminescence intensity in 
the presence of a given concentration of inhibitor, we have, for Type I, 

7 - bk(LHg)(A,) 

“ 1 + Kg + KgX^ -f KgKgX^ ’ (5) 

in which X represents the molar concentration of inhibitor, and r the 
ratio between the inhibitor and enzyme molecules in the complex formed. 
Dividing equation 2 by equation 5 and simplifying. 


( 6 ) 
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Figure 4. Luminescence intensity of Photobacterium phoaphoreum in relation to tem¬ 
perature in a control and in correspondins suspensions conxainins: 0.007 molar sulfanilamide 
and 0.1 molar urethane, respectively. The solid and hollow circles for the control are from 
repeated experiments. The data are replotted from Johnson, Eyrins:, Steblay, et al., 1945.<^ 


Similarly, for Type II, 

^ bk(LH,)(Ao) 

" I+Ki + KiK,U” 

in which U represents the molar concentration of inhibitor, and s the 
ratio of drug-enzyme molecules in the complex. Dividing equation 2 by 
EQUATION 7 and simplifying, 


(x -') = T#f - ■ “[(x -+x )]=m 

With the aid of equations 6 and 8, the two mechanisms may be distin¬ 
guished. In either case, a plot of In -7 ^ against In molar con¬ 

centration of inhibitor at constant temperature and pressure, yields 
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straight lines whose slope gives the average number of inhibitor molecules 
combining with each enzyme molecule (figure 5)^ unless, of course, 



Figure 5. Relation between the concentration of sulfanilamide and urethane, respectively, 
and the amount of inhibition of bacterial luminescence, (Photobacterium pJiosphoreum) at 
26® C., plotted in the manner dihcussed in the text.® The slope of the line for sulfanilamide 
is 1.2; for urethane, 2.0. With urethane, the slope increases with temperature, although with 
sulfanilamide there is little change. 


more than one system is affected or additional reactions are involved, so 
that the action is more complicated than the theory takes into account. 

When, on the other hand, In is plotted against the reciprocal 

of the absolute temperature, a straight line over a wide range of tempera¬ 
tures is obtained for Type I, but not for Type II (figure 6) . From the 
slope of the straight line, the heat of reaction, Aifu, of the equilibrium 
may be computed. If the mechanism is Type II, a straight line, 
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6. A^ysis of the shown in Figurb A, according to the formulations given 

sulfanilamide-containing suspension (7*) in 
relation to that of the control (7i) is plotted on the logarithmic sci^e of the or^nate as 

J against the reciprocal of the absolute temperature on the abscissa. The slope 
indicates 12,500 calories as toe heat of reaction in toe sulfanilamide-enzyme eQuilibrium. 
The values of the expression ^-jj —1 Jfor toe urethane curve in Figure 4 in relation to the 

control have been multiplied by^i + and toe product plotted on toe ordinate for 

*^® ^^“®' the lower temperature 

SuUibrium a heat of reaction of approximately 60,000 calories in the urethane-enzyme 


whose slope depends on the heat of reaction, AH„ results when 
[(li-^ l^y\ ^ against ^ (figure 6 ). In the 


c^es sfedied, however, the relation frequently departs from linearity, in the 
direction of too high an inhibition at temperatures beyond the normal 
optimum. Inasmuch as such deviations have been found to be more 
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marked with increasing concentration of the drug, and since Type II 
inhibitors have been found to promote an irreversible as well as a reversible 
denaturation of the luminescent system^® it appears likely that^ under these 
conditions, the irreversible effects are added to the reversible ones. Only 
the latter are taken into account by the above formulation. 

In a purely diagrammatic way, the influence of temperature, pressure, 
and inhibitors of the two types discussed above may be illustrated as 
shown in figure 7. Thus, at given concentrations of substrate and enzyme. 


INACTIVE ENZYME 



l^m'ERSIBLY DENATURED 
" (DESTROYED) ENZYME 


Figure 7. Schematic diagram to illustrate tJie control of the luminescent oxidation (ki) 
in relation to temperature, hydrostatic pressure, reversible Type I inhibitors (Ka), reversible 
Type II inhibitors (Ka), the reversible temperature inactivation of the enzyme (Ki), irreversi¬ 
ble thermal destruction (ka), and irreversible destruction promoted by Type II inhibitors 
(ki), as discussed in the text. 


the rate of the reaction in a single system, or in a complex process con¬ 
sistently limited largely by a single system, will be accelerated by a rise 
in temperature, and retarded by an increase in pressure, in a manner 
quantitatively determined by the specific reaction rate constant, kx. The 
extent to which the rate increases for a given rise in temperature depends 
on the heat of activation, in the equilibrium, between the 

reactants and the activated complex, which, once formed, decomposes 


with the universal frequency. 


kT 
h ' 


characteristic of all chemical reac¬ 


tions. Likewise, the amount of the pressure effect depends on the volume 
change of activation, AFj*, in the same equilibrium constant, As 
long as the enzyme molecules remain within the active channel, enclosed 
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by the parallel lines (figure 7), while the substrate concentration also 
is maintained at a constant, steady-state level and other factors remain 
the same, the reaction rate depends only on the value of ki. 

The amount of active enzyme, however, may be altered by one or more 
reactions. In the first place, as indicated above, it is apparent that the 
enzyme normally exists in equilibrium (Ki) between active and inactive 
forms. Because of the high heat and entropy of this reaction, the value 
of Ki at temperatures below the optimum is so small as to be negligible. 
In the region of the optimum and above, Ki increases rapidly with rise 
in temperature, causing the proportion of inactive molecules to increase 
to a greater extent, by a given increment in temperature, than the activa¬ 
tion process in the enzyme reaction is accelerated: Ki is more strongly 

influenced by temperature than ki. As a result, the observed rate goes 
through a maximum. Similarly with pressure: the inactivation proceeds 
with a large volume increase and, as a consequence, Kt is decreased with 
rise in pressure and is more markedly affected than Ai, other factors 
remaining the same. 

In addition to the reversible inactivation, with an equilibrium constant 
indicative of a protein denaturation equilibrium, a rate process of thermal 
destruction also takes place. In luminescence, the latter reaction has an 
even higher activation heat and entropy than the AH and AS of the 
reversible denaturation (figure 8).® It is for this reason that the re¬ 
versible denaturation of the luminescent enzyme can be so readily observed 
experimentally. The thermal destruction also proceeds with a large 
volume increase of activation, and consequently is markedly retarded by 
pressure at a given temperature (figure 9) 

Both the reversible and irreversible denaturations are furthered by the 
addition of inhibitors of Type II, such as urethane or alcohol, apparently 
by the combination of these agents with bonds made available in the 
denaturation reaction. Both are opposed by hydrostatic pressure or by 
cooling. 

By a mechanism different from those just described, certain inhibitors 
(Type I) enter into an equilibrium, K 2 , causing an inactivation of the 
enzyme independently of the denaturation. The combination apparently 
occurs equally with the active and reversibly denatured forms and does 
not itself lead to an alteration in structure of the protein accompanied 
by a large volume change. Consequently, pressure has little influence. 
On the other hand, the enzyme-inhibitor complex will, in general, be 
dissociated by a rise in temperature, so that the fraction of inactive mole¬ 
cules will be less at higher than at lower temperatures, and the per cent 
inhibition correspondingly smaller. 

The generality of the mechanisms, as shown in figure 7, to a large 
extent awaits justification by further experiments, inasmuch as data suf¬ 
ficient for analysis on the basis of the theory described are not widespread. 
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T ABS. 

FiQUBB 8. Temperature analysis of the rate of thermal destruction of the luminescent 
system in bacteria {Photohacterium phosphoreuvi). The points are from three repeated 
experiments. The slope of the line indicates an apparent activation energy of some 90,000 
calories.^ Semi-log scale. 


particularly with respect to the action of hydrostatic pressure. Moreover, 
previous to the studies in connection with luminescence, the possibility 
that protein denaturation might be opposed by hydrostatic pressure had 
apparently not been taken into account. The opposite effect has been 
known for some years, viz.j that very high pressures, of the order of 10,000 
atmospheres, at room temperature denature proteins, kill microorganisms, 
and inactivate enzymes, viruses, antibodies, bateriophage, etc. {cf. reviews 
by Macheboeuf and Basset^^ (1934), Gattell^’^ (1936), and Bridgman^® 
(1946). It is perhaps worth while, therefore, briefly to consider some of 
the available evidence with respect to other systems than luminescence. 

First of all, it is apparent that the reactions by which proteins are 
denatured at room temperature under very high pressures are not identical 
with the reactions which take place at relatively high temperatures (or at 
lower temperatures in the presence of certain drugs such as alcohol) and 
which are opposed by moderate pressures, of the order of 500 atmospheres. 
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The fact that the lower pressures may greatly retard the denaluration 
of a highly purified protein, human serum globulin, at 65® C. has recently 
been demonstrated.^® Small concentrations of ethyl alcohol accelerate 



the precipitation, while pressure retards it, with alcohol as well as without 
it (figure 10). The rate is higher than first order. Preliminary estimates 
of the volume change indicate a volume increase of activation of about 
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Figure 10. The rate of precipitation of highly purified human serum globulin at 65 G. 
in relation to hydrostatic pressure and small concentrations of ethyl alcohol.^ Semi-log scale. 

100 cc. per mole. The denaturation of specific antitoxic activity at the 
same temperature is also opposed by a pressure of 680 atmospheres.^'^ 
Furthermore, specific precipitation of rabbit immune serum by a simple 
trihaptenic dye antigen, at room temperature, is greatly retarded under 
pressure of 680 atmospheres, indicating a large volume increase, of some 
50 cc. per mole according to available data, in the reaction involving 
the antibody molecules.^® 

In regard to extracted enzyme and sol-gel systems, Marsland and 
Brown^® have shown that the sol-gel equilibrium of rabbit myosin is 
characterized by a volume change of 120 cc. per mole. This is especially 
interesting, since sol-gel reactions influencing intracellular processes in¬ 
volving protoplasmic streaming, e.g, cyclosis, amoeboid motion, cleavage 
of animal cells, etc.,®® are also accompanied by large molecular volume 
changes, of the order of 102 cc. per mole.^® The rate of various extracted 
enzyme systems, e.g.^ lipase, pepsin, and pancreatic proteinases (Benthaus, 
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194231. cf. also Deuticke and Harren, 1938*2), at room temperature, is 
reversibly retarded by pressures up to 1,500 atmospheres. As yet, suf¬ 
ficient data do not exist for a satisfactory analysis of the volume changes 
in these enzyme reactions. Thus, further studies should yield interesting 
results. Moreover, it might be expected that, under conditions favoring 
a reversible denaturation of the enzyme, an increase in the net activity 
of the system under pressure would be encountered, as in luminescence. 

The activity of invertase or of diastatic enzymes is apparently not 
greatly retarded under moderate pressure at room temperature (Regnard, 
1884*®) and may even be increased.*^’ Recent studies*^ have shown 
that the increase in rate of sucrose inversion by invertase is most marked 
under conditions of partial inactivation of the enzyme, such as high 
temperatures at optimum pH, or at lower temperatures in relatively 
alkaline or acid solution (figure 11). Analysis of the data indicated 



RECIPROCAL OF THE ABSOLUTE TEMPERATURE 

Figure 11. Tlie rate, dnrinsr the losarithznic period, of inversion of 10 per cent sucrose 
by invertase, in relation to temperature and hydrostatic pressure, at pH 4.5 and pH 7.08-7.07, 
respectively.^ 

that at pH 7.05 and 35 or 40° G,, the enzyme undergoes a reversible 
denaturation with a volume increase of about 69 cc. per mole. 

In living cells, a number of phenomena, such as the tension of auricle 
muscle at room temperature, increase in intensity under pressures up to 
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about 400 atmospheres, and then decrease as the pressure is raised up 
to less than 1,000 atmospheres.^"^ The similarity in effects of pressure on 
these processes and on luminescence suggests that corresponding mechan¬ 
isms are involved. In still other complex phenomena, including the 
rates of microbial growth and disinfection, a reversible inhibition by 
pressure has been noted.®® A greater multiplicity of reactions are, no 
doubt, concerned in bringing about the measured result in all these 
cases, and the analysis, therefore, is more difficult than in luminescence. 



Figure 12. The rate of disinfection of non-proliferating cells of Escherichia coli in relsr 
tion to temperatuie, under normal and incieased hydiostatic pressures of 1»000 and 5,000 
pounds per square inch, respectively.^ 


Figures 12 and 13 illustrate some of the data pertaining to growth and 
disinfection. 

The relation between hydrostatic pressure and amount of inhibition 
caused by a given concentration of a drug has apparently been studied 
only in connection with bacterial luminescence,and to a lesser 
extent, bacterial growth and disinfection.®® Although the influence of 
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FiouRB 13. Growth (reproductive) rate of Eacherichia colt, during the logarithmic phase, 
in relation to temperature, under normal and increased hydrostatic pressure of 6,000 pounds 
per square inch.^ 


temperature, at normal pressure, has received considerable attention, the 
data are not often sufficiently extensive, nor the mechanism of the reac¬ 
tions sufficiently well understood, to justify imdertaking an analysis on 
the basis of the theory described above. According to the results of a 
recent investigation,®’^ however, it appears that the rates of oxygen con¬ 
sumption and of methylene blue reduction by Rhizobium trifolii are 
affected by urethane in a manner resembling the action of this drug on 
bacterial luminescence. Using the same formulations, the quantitative 
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relation between various concentrations of the drug^ and the amount of 
inhibition at various temperatures, may be accounted for with some 
accuracy. The influence of pressure in this case has not been studied, 
but an analysis of its action should assist in elucidating the mechanism 
of the inhibition. 

The evidence that large volume changes of reaction or of activation, 
respectively, take place in such diverse phenomena as luminescence, ex¬ 
tracted enzyme reactions, cell division, protein denaturation, specific 
precipitation, the action of certain inhibitors, and so forth, would seem 
to justify more extensive studies from the point of view of hydrostatic 
pressure as well as temperature. Furthermore, there is considerable reason 
to believe that the synthesis of complex molecules, biologically specific 
in structure, involves a templet mechanism, and in order for a molecule 
to act as a templet it must be in a one- or at most two-dimensional form. 
This means that globular molecules would have to unfold before function¬ 
ing as a templet. Such unfolding might be expected to be accompanied 
by fairly large volume changes. Studies with hydrostatic pressure should 
yield significant data in this connection also, and the theory worked out 
with luminescence as an indicator of protein reactivity will perhaps be 
found useful in various connections. 
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INTRODUCTION 

Since the days of Aristotle and Pliny, and presumably long before re¬ 
corded scientific observation, the mystery of organic light has aroused 
the wonder of mankind. Fireflies being by far the most easily accessible 
luminous organisms, it is understandable that they were probably the 
earliest and most frequently studied forms. They are also outstanding in 
their own right, as a subject for scientific observation and experimentation, 
for perhaps no other animals have luminous organs of such size, brilliance, 
intricate structure, and physiological complexity. Therefore, it is not 
surprising that in the past two or three centuries an enormous literature 
has grown up on various aspects of firefly and glowworm luminescence. 
It is interesting to see that the problem has proved irresistible not only to 
specialists on bioluminescence but to a surprising number of men illustrious 
in other fields, as, for example, Swammerdam, Spallanzani, Davy, Fara¬ 
day, Humboldt, Darwin, and Pasteur. In this paper, I shall not attempt 
to cover the literature exhaustively, but rather to review critically the 
major contributions bearing on the circumscribed problem outlined below. 

As our knowledge of living light has increased, and the type of research 
has shifted from the naturalistic to the quantitative, it has turned out, for 
one reason or another, that certain aspects of the problem are better 
investigated on luminous organisms oilier than the firefly. Thus the 
crustacean Cypiidina and luminous bacteria, in particular, have been 
used in most modem work on the chemistry, kinetics, and enzymology of 
bioluminescence. For the study of the isolated systems, the very complexity 
of the firefly light organ is, in a sense, a hindrance. On the other hand, 
it is well to recall that much of the pioneer work on bioluminescence, 
even on in vitro systems, was done on fireflies. Spallanzani (1796) used 
the glowworm in one of the earliest demonstrations that luminescence is 
dependent upon water and oxygen. In the tropical beetle Pyrophorus, 
Dubois (1886) first distinguished the enzyme and substrate of animal 
luminescence. It was, finally, on fireflies that Coblentz (1912) completed 
what still stands as the most comprehensive work on the spectroscopy and 
photometry of light-emission in living organisms, Moreover, fireflies still 
form the preeminent material for the study of at least two aspects of 
bioluminescence: the intimate anatomy of photogenic organs, and the 
physiology of the control of luminescence. This presentation will con¬ 
centrate on these two aspects. 

Since the main task of this paper is the integration of the structural 
details of the firefly light organ with the various manifestations of light 
production, it may be helpful briefly to outline the problem from the 
theoretical side, so that we may have a clear idea of what sort of infor¬ 
mation will be needed. The most fimdamental level of the problem is the 
chemistry of the luminescent reaction. We need not be concerned with 
this, except to know the reactants. The next level of the problem con¬ 
cerns the general anatomy of the region in which the luminescent reaction 
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takes place. Ideally, this would involve knowing where the different re¬ 
actants are formed or obtained, how they are brought to the scene, and 
where they are held pending the reaction, or stored if in excess. The 
final level is the occurrence and control of luminescence. For this, we 
will need to know how the reactants are brought together at the desired 
moment, exactly where the reaction occurs, what sorts of luminescences 
are possible, which of the reactants is made limiting in stopping the reac¬ 
tion, and what physiological mechanisms operate in this control. For the 
present, we must be content with very incomplete knowledge at each level. 

A long series of researches, initiated by Dubois (1885-1919)* and given 
quantitative expression by Harvey and his associates (Harvey, 1920 and 
1940), show that the photogenic reaction involves a minimum of four 
reactants: water, oxygen, the substrate luciferin (a substance of low 
molecular weight, probably phenolic), and the enzyme luciferase. For 
most purposes, it makes Httle difference whether the oxygen is actually 
used in the energy-liberating reaction or reactions or in the recovery 
process. 


THE ANATOMY OF THE UGHT ORGAN 

Gross Anatomy. Even externally, the luminous organs of the firefly 
are so diverse that the only generalizations possible are that they are close 
to the body surface behind a window of translucent cuticle, and are 
usually different in male, female, and larva. In size, the organs vary from 
minute pin-heads to masses occupying the entire ventral surfaces of several 
abdominal segments. In outline they vary from circular to entirely 
irregular. In position, they are found from the head to the tip of the 
abdomen, including the thorax, and on both dorsal and ventral surfaces. 
A number of representative luminous beetles are shown in fiCure 1. 
Most of our common fireflies (Photinus and Photuris) are of the sort in 
which the organs occupy stemites 6 and 7 in the male (figure 1, a), 
variable portions of 6, or occasionally 6 and 7, in the female (figure 1, 
b and e), and two small spots on the ventral surface of stemite 8 in the 
larva (figure 1, c) . This larval position is the same as that in the adults 
of both sexes of the tropical genus Diphotus (figure 1, d: Barber, 1941), 
which fact raises evolutionary questions. Another interesting type is that 
illustrated by the common European glowworms Lampyris noctiluca 
(figure 1, r) and Lamprorhiza (Lampyris) splendidulaf (figure 1, o), 


* In this paper, reference is made only to Dubois* 1886 monograph. Citations of his many 
other papers can be found in Mangold (1910) and Hanrey (1920). 

t The taxonomy of fireflies is in a very confused state. Among the points bearing on the 
subject matter of this paper are the following: (1) Many fireflies, to which the generic name 
Lampyris was applied originally, have since been put in other genera and hence are cited 
under different names in the older and in the more recent literature (examples: Lamprorhha 
splendidvla; Ludola italioa, sometimes put in Pha/usia; iMoiola IvMtanica; Phoaphaenus 
hemiptenia. (2) There eidst both Photinus margindlua and PhoHnua margindlatm. 
(8) The famous tropical firefly Pwophorua is an elaterid (dick-beetle) and is in a different 
family from all the other *'fireflies** (the beetle family Lampyridae). (4) Because of inade- 
Quate descriptions in the literature. Barber was unable to identify, in my collections, most of 
the lampyrid species previously reported from Jamaica. It is probable, therefore, that some 
of the species used by Lund (1911) were actually studied by me under new names ^ven by 
Barber (1941). I have followed custom in using the BX>ellings **penn8ylvantca** and 
prorhiaa** for the taxonomically correct **psnaylvani€a’* and **Lamprohiza,** 
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on which much work has been done. In these speciesj the most striking 
luminosity is seen in the wingless female. Another and very different 
type of organ distribution is seen in the famous tropical elaterid Pyroph'- 
orus (figure m^n). Both sexes of this beetle have small circular 
organs on the dorsal posterior corners of the pronotum, which emit a 
green light when the insect is at rest or walking, and a large rectangular 
organ in a cleft on the anterior surface of the abdomen, which emits an 
orange light when the insect is in flight. Some of the most spectacular 
displays of luminescence are seen in the larvae and larviform females of 
species in which the adult male is almost or entirely non-luminous. Such 
a creature is Phengodes (figure 1, s)^ which has 11 or 12 segmentally 
arranged sets of photogenic organs giving a bright green light, and also 
its South American relative Phrixothiix (Harvey, 1944 and 1945), which 
has, in addition, a red light in its head. 

Histological Types of Light Organ Structure. Firefly light organs 
show an astonishing diversity of structure and can be classified in a number 
of arbitrary ways. The system used here is an extension of Dahlgren’s 
(1917), based on the arrangement of the tracheae.* 

Typically, the photogenic cells are grouped together in one or more 
compact localized masses with specific tracheal and nervous supplies. 
However, one exception is found in Phengodes^ (Type 1), where the light 
is produced by loose independent giant cells, apparently without tracheae, 
and similar to or identical with the oenocytes which are widely distributed 
among and within insects (figure 15; sec also Buck, 1940, 1942, 1946a). 

The next more complex type of light organ structure is Type 2, found, 
for example, in Phrixothrix (Buck, 1946a), in the lateral “tuberculate” 
organs of the female of Lampiorhiza splendidula (Wielowicjski, 1882; 
Bongardt, 1903), and the larva of Phausis Delaiouzeei,{Bugnion, 1929). 
Here (figure 16) the organs arc small subspherical compact masses of 
polyhedral photogenic cells with typically granular cytoplasm, constant in 
location, and with a specific tracheal supply. This latter consists simply 
of progressively tapering and more numerous branches, which form a 
sort of root-system ramifying through the photogenic tissue (figure 8). 

The third type of organ is like Type 2, except for the presence of a 
second layer of cells on the inner surface of the photogenic tissue. This 
layer is the so-called “reflector layer”. Since it will be discussed later, it 
will suffice at the moment to state that it is composed of cells differing 
sharply from the photogenic cells in appearance, chemical composition, 
and staining reaction. This type of organ is illustrated for the larva of 
Photuris pennsylvanica (figure 17) and for an adult Diphotus montanus 
(figure 19) and is also characteristic of the larvae of Luciola cruciate and 
Pyrocoelia rufa (Okada, 1935a and b; Hasama, 1942c), P. analis 

* The profuseness of the tracheal supply external to the photogenic organ has been men¬ 
tioned many times and is well showh by Geipel (1915) and Hess (1921). 
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(Hasama, 1942c), P. fumosa (Hasama, 1944b), the larval organs of 
Lampyris noctiluca (see Wielowicjski and Bongardt), Lamproihiza splen- 
didula and Phosphaenus hemipteius (see Bongardt). The often-studied 
organs of the adult (female) of Lampyris noctiluca are also apparently 
of Type 3 (Owsjannikow, 1868 • Wielowicjski; Bongardt). In ad^tion, it 
seems clear, from the work of Hcincmann (1886), Dubois (1886 etc.), 
Geipel (1915), Dahlgren, and others, that both the thoracic and abdominal 
organs of Pyrophorus show the compact but unorganized photogenic and 
reflector layers characteristic of Type 3, although the much larger size of 
the organs and much greater thickness of the layers tends to obscure the 
relationship (figure 18). Pyrophoms also agrees with the abovemen- 
tioned forms in having the simple arborescent tracheal supply seen in 
Type 2, in which the ultimate tracheal capillaries or trachcoles terminate 
between the photogenic cells and form the last link in an uninterrupted 
conduction system leading from the outside (figure 8). The vertical 
spaces in the photogenic layer shown in Dubois* figure (figure 12) 
have been doubted by Lund (1911) and Williams (1916) and are prob¬ 
ably an exaggerated portrayal of the tendency, noted also by Dahlgren, 
of the photogenic cells to align in columns. The spaces could be caused 
artificially by these columns shrinking away from the tracheae running 
between them (which Dubois failed to see). 

All the preceding types of organs differ from those now to be described 
in that they lack ^‘tracheal end-cells.” These cells, which were first 
described in fireflies by Schultze (1865), are structures which occur at 
the points where small tracheal twigs narrow rather suddenly and then 
divide into two or more delicate thread-like tracheoles, or tracheal capil¬ 
laries, which appear to lack the spirally thickened walls which are char¬ 
acteristic of the tracheae proper. These end-cells seem to differ consider¬ 
ably in different material, or according to various workers, as is seen in 
FIGURES 2, 3, and 11 from Bongardt, Gteipcl, and Dahlgren, respectively. 
Nevertheless, there seems to be general agreement that they are uni¬ 
nucleate and have protoplasmic processes or extensions which surround 
and accompany the tracheoles for varying distances toward or among the 
photogenic cells, and give the end-cell a stellate appearance, which has 
led to their being compared with ganglion cells (KolHker, 1858; Schultze; 
Eimer, 1872). It also seems clear that the end-cell is the principal site of 
reduction of inspired osmium tetroxide (“osmic acid”) vapor, and, 
indeed, most of our knowledge of the end-cell was obtained by the use of 
this reagent (figures 2, 3, and 11). An analysis of the significance of 
this reduction, and additional details on the internal structure of end-cells, 
are best deferred. It is worth pointing out, however, that end-cells are 
widespread in insects, and are even said, by Wielowiejski and Geipel, ^ 
occur in non-photogenic tissues of fireflies. 
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Among organs containing tracheal end-cells^ there are a number of 
different anatomical arrangements which can be classified into convenient^ 
though arbitrary, types. The simplest of these (Type 4) is reported by 
Dahlgren to occur in “some forms of Photuris'' (though it docs not appear 
to occur in either P. pennsylvanica or jamaicensis) . As shown in figure 
4, the tracheae run ventrally through the reflector layer, as usual. How¬ 
ever, when they reach the photogenic tissue, instead of penetrating the 
latter they divide into several branches which run laterally at the interface 
between the two layers, terminate in end-cells, and then send tracheoles 
down into the photogenic tissue, which is only one cell thick. 

Another type (Type 5, see figure 5) is found, according to Dahlgren, 
in the Japanese Luciola parva^ L. vitticollis^ and other oriental forms. 
The tracheal supply arboresces among the photogenic cells as in Types 2 
and 3, except that, at certain points where the repeated branching and 
tapering has reduced the tracheae to quite small tubes, end-cells occur 
and give off the usual tracheoles. Thus defined, it agrees fairly well 
with the descriptions of the adult organs of Pyrocoelia rufa (Hasama, 
1942a) and Luciola africana (Geipel), and seems also to include the 
older descriptions of the adult organs of Lamprorhiza splendidula 
(Schultze, Wielowiejski, Bongardt). The organ of Luciola cruciata 
(Okada, 1935b) is dso placed in Type 5 provisionally, although in this 
organ (figure 9) the larger tracheae appear not to be in direct contact 
with the photogenic cells, and the arrangement of the end-cclls and 
tracheoles in horizontal section is more regular than expected (figure 
9b). 

The Type 6 arrangement (figures 7 and 10) is very common, being 
found in all American members of Photinus and Photuris which have 
been studied [Photinus marginellus —^Townsend, 1904; Dahlgren. P. 
pyralis —Seaman, 1891; McDermott and Crane, 1911. P. consanguineus 
—Williams; Photuris pennsylvanica —^Seamari,j Lund; McDermott and 
Crane; Williams; Hess, 1922); in some twenty species of Jamaican 
Photinus (Lund; Buck, 1940 and 1942); in Luciola parvula (Hasama, 
1944b); Luciola italica (Tozzetti, 1870; Emery, 1884); and doubtless 
many others. It is desirable to describe this type in some detail, in order 
to establish an adequate morphological basis for the future discussions on 
physiology. As a rule, the Type 6 organs are large, and situated on the 
ventral surfaces of stemites 6 and 7 in the male and 6 in the female 
(figure 1, afi) . The reflector layer of the organ is in the inner or dorsal 
position, while the photogenic layer is ventral (figure 20). 

In Type 6, the tracheal trunks which supply the light organ run verti¬ 
cally through the reflector layer as usual, but when they reach the photo¬ 
genic layer they do not pass directly between the photogenic cells but into 
specialized cylindrical rods of tissue which go straight through the photo¬ 
genic layer to its ventral surface (figures 7, 10, 23-26, 31, and 32). 
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These “cylinders”* contain a number of structural elements in addition 
to their axial tracheal trunk. First, there are short tracheal “twigs” 
which branch from the vertical trunk. Second, there is the tracheal 
epithelium, which, though extremely thin, has fairly large nuclei both 
along the trunk and the twigs. Third, there are tracheal end-cells, one 
at the end of each twig, with a nucleus about tlic size of those of the 
tracheal epithelium. Fourth are the trachcoles or tracheal capillaries 
which issue from the end-cells at just about the periphery of the cylinder 
and run out into the photogenic tissue. Though the existence of a differ¬ 
entiated membrane surrounding the cylinder is not readily apparent in 
many forms, some preparations suggest such a structure (figures 29 and 
38). The integrity of the cylinder tissue as a morphological unit is shown 
by the behavior of isolated cylinders in maceration preparations from 
which the photogenic cells have been removed (figures 27, 37, and 40). 
In addition to these structures, there presumably is some sort of fluid or 
gelatinous matrix filling the apparent spacers in the cylinder around the 
end-cells, twigs, etc. Strangely enough, this material docs not stain with 
any technique yet devised, so that in sections of the photogenic layer it is 
easy to come to think of tlu^ clear spat'c around the tracheal trunk as 
“empty”, and^of the cylinders as hollow tuniu'ls penetrating the photo¬ 
genic tissue. If these spaces wt‘re indeed gas-fill('d, our ideas of how the 
photogenic tissue is supplied with oxygon would need revision. 

In horizontal section {ix,, one parallel to the external surface of the 
photogenic layer), or in surfac’C view, the Type 6 organ shows a beautiful 
and characteristic “rosette” jjatlern, which has bci‘n remarked by numer¬ 
ous workers (Emery, Townsend, Geipel, Okada, etc.; figures 10, 13, 22, 

29, and 36). The vertical tracheal trunks are spaced in regular triangu¬ 
lar symmetry, and around each the photogimiti cells are arranged like 
the petals of a flower. In most sj)eeies, the ])hotogeuic cells front upon 
two contiguous cylinders and havi* a roughly prismatic or rhombohedral 
shape. 

The Type 6 organ has a numlw'r of inU'n^sting variations. For example, 
in many species, tlui cylindcT ofU^n flares out lik(^ a trumpet or an hour¬ 
glass at one or both surfac<‘s of the photog(‘ni<* laycn*, and there accommo¬ 
dates especially rich l)ruslies of trac’lu'al twigs and (^nd-C(‘]ls (figures 28, 

30, and 39). Such a cylindcT in Pholvris jamaiemms appears in figure 
25 in longitudinal section and is w<41 shown in ventral surface view by 
Okada (1935b). Lund di^scrilx'd the photoguiic layer of the female of 
Photuris pennsylvanica as a single laycT of cells, through which the 
tracheae run directly without cylinders, and which is penetrated by 
tracheolcs (from end-cells) only from the dorsal and ventral surfaces 
(figure 14). Such a structure is often seen. In other regions, however, 
even when only one cell thick, conventional cylinders occur with end-cells 

* Galled "digitlform acini*' by Tozzeiil and by Emery. 
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from which tracheoles run laterally. Possibly, Dahlgren’s photurid organ 
(Type 4) was based on a similar structure in which the end-cells at the 
ventral surface were overlooked. 

The arrangement in Photinus pallens is, in one sense, the reverse of 
that just discussed, in that its cylinder is commonly narrow at dorsal and 
ventral surfaces but expanded in the interior of the photogenic layer 
(figure 26). Other species present numerous variations in the relative 
^ckness of photogenic and reflector layers, number of cell layers in each, 
diameter of cylinders, etc. A few of those occurring in various species of 
Photinus are illustrated in figures 23, 24, and 31. One of the most 
imusual of these is the organ of Photinus evanescens montego^ which has 
an extraordinarily broad and short cylinder, with profusely branched 
tracheae. A high-power view of this organ shows well the terminations 
of the numerous tracheal twigs and the limits of the cylinder tissue 
(figure 31). 

One rather puzzling feature of the Type 6 organ concerns the relation¬ 
ship between the processes of the end-cells and the cylinder walls. In 
Luciola italica (Emeiy'), Photinus consanguineus (Townsend, Dahlgren), 
Luciola paTvula (Hasama, 1944b), and in all of the American and 
Jamaican species of Photinus which I have examined, the end-cells are 
apparently as figured by Townsend and Dahlgren, and seem to be wholly 
contained within the cylinder and to give off tracheoles of imiform 
diameter w’hich penetrate the photogenic tissue alone. In Photinus mai~ 
ginellatuSy howwer, which has been studied carefully by Geipel (figures 
3 and 6), in Photuiis pennsylvanica, according to Lund, and in both P. 
pennsylvanica and P. jamaicensis^ according to my observations, the end- 
cells appear to have quite thick tapering processes which enclose at least 
the proximal parts of the tracheoles (figure 32). These processes actu¬ 
ally penetrate varying distances into the photogenic tissue, even though 
the end-cell body itself may lie within the confines of the cylinder or in 
little bays in the photogenic tissue (figutie 14). The arrangement, there¬ 
fore, resembles in some respects that described in Lamprorhiza (Type 5) 
by the earlier workers (fioltie 2), although there is no doubt that both 
Photinus maiginellatus and Photuiis pennsylvanica have the vertical cyl¬ 
inders characteristic of T^^pe 6. The matter will be considered further 
imder the discussion of end-cells. 

The ^^Reflector” op *^Urate” Layer. The reflector layer differs from 
the photogenic layer in a number of respects. First, the cytoplasm of its 
cells usually fails to stain with ordinary acid dyes such as eosin, so that 
in conventional histological preparations the layer is clear, in contrast to 
the heavily stained photogenic layer. Second, its cells are packed with 
small, highly refractile particles, probably birefringent and often described 
as “crystals” or “sphaerocrystals,” but also reported by some to have a 
rounded outline. In sections of fresh tissue, these particles render the 
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reflector layer opaque by transmitted lights in contrast to the translucent 
photogenic layer, and white by reflected light, in contrast to the dark 
photogenic layer. In balsam preparations, on ihe other hand, the “crys¬ 
tals” are mainly dissolved out by the dilute alcohols and leave the reflector 
layer nearly hyaline. Other differences, such as solubility in various re¬ 
agents, have been described (Kblliker, Schultze, Wielowiejski, Bongardt, 
Townsend; Hasama, 1942a). End-cells have been reported from the 
reflector layer by Geipel, but according to Lund, Bongardt, and Emery, 
are very rare or absent. 

The two-layered nature of the light organ was first recognized by 
Kblliker, who described chemical tests purporting to show that the ma¬ 
terial in the dorsal (reflector) layer is ammonium urate. While there 
is no reason to doubt this conclusion, and although the work has been 
repeated a number of times with only minor discrepancies (Owsjannikow, 
1868,* Tozzetti, 1870; Heinemann, 1872 and 1873; Bongardt; Lund) it 
has not been checked by modem analytical techniques. In assessing all 
the work on the chemical composition of the luminous organ or its layers, 
it must be kept in mind that the two layers have not been separated before 
testing, so that even microchemical color reactions in situ are by no 
means devoid of the possibility of contamination from the contiguous 
layer, or indeed from other viscera. 

No agreement exists as to the function or functions of the reflector 
layer. Most workers have accepted, explicitly or implicitly, Kblliker’s 
idea that it serves as a physical reflector to increase the amount of light 
emitted. No experimental work has been done on this point, however, 
and in view of the granular type of cytoplasm, I doubt whether the reflect¬ 
ing efficiency of the layer can be very high. In addition, much light 
would be absorbed in passing back and forth through the photogenic 
layer. The somewhat similar notion (McDermott and Crane) that the 
layer may act as a screen to protect the deeper-lying tissues from the light 
seems likewise to be questionable, because of the lack of evidence or 
expectation that the light produced in the photogenic cells is injurious. 

The presence of urate in the reflector layer has led to a flood of mostly 
gratuitous speculations on possible metabolic connections betw^een photo¬ 
genic and reflector layers, even including a contention that the urate 
granules themselves are the true source of light (Weitlaner, 1909). Al¬ 
though a membrane between photogenic and reflector layers has been 
described (Tozzetti), the great majority of accounts show the two layers 
abutting directly (or even with a contact line so irregular that isolated 
photogenic cells project into indentations in the reflector layer and vice 
versa), so that a direct passage of particulate material between them is at 
least theoretically possible. 

One idea which had considerable vogue provides that the cells of the 
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photogenic layer, as they get “used up” and filled with the waste products 
of their acti\dty, are tranSerred to the reflector layer (Schultze, Wielow- 
iejski,* Dubois; Gerretsen, 1922; denied, however, by Emery and by 
Lund). Such a process is difiScult to visualize for any but the photogenic 
cells already contiguous to the reflector layer, and would be equivalent 
simply to shifting the boundary between the layers rather than to actual 
cell movement. This would reqxiire, first, that die photogenic cells closest 
to the reflector layer, in order to be the first to transform, indulge in the 
most intense acti\’ity, and second, that with time the reflector layer should 
increase in thickness at the expense of the photogenic layer. Support for 
either of these points is lacking in most recent investigations, although 
either proof or disproof would be very hard to obtain, if for no other 
reason than the great difficulty in assessing and comparing total light 
emissions. As a matter of fact, “transition” cellsf between the two layers 
have been described (Kolliker; Hasama, 1942a$; see also figure 23), 
and \Veitlaner (1911) reported an increase in the amount of urate in 
old as compared with young individuals. On the other hand, Emery 
found no difference between young and old animals, and Townsend, 
Lund, and Geipel saw no seasonal change in thickness of either layer. 
Heinemann (1872) also found no change in four weeks in Pyrophorus, 
Okada (1935a) reported a decrease in tihickness of the photogenic layer 
with age, without change in the thickness of the reflector layer. Hasama, 
in several species, found no difference in size or distribution of photogenic 
granules from fireflies long in darkness compared with fireflies after a 
long period of flashing. Moreover, the presence of transition cells has 
been denied specifically by several writers (^.g., Limd, Geipel). In view 
of the considerable variability in layer thickness in different individuals, 
and particularly in different regions of the same organ (even if care is 
taken to use only sections exactly perpendicular to the surface), all such 
work is suspect until confirmed on numbers of specimens adequate to 
demonstrate statistically significant differences. 

A somewhat similar idea is that the urate granules represent waste 
products of the oxidation of the photogenic granules in the light cells, 
which have been transferred by an undescribed process to the reflector 
layer and there stored (Kolliker, Tozzetti, Lund). Lund has championed 
this view strongly. His claim that the “waste product” deposited in the 
dorsal layer is “allied to or identical with some of ihe split products of 
nucleic acid” is interesting in view of the recent demonstration that firefly 
light organs contain a relatively high proportion of flavin-adenine 

* WielowiejBki, in a later paper, came to the opposite conclusion in regard to American 
fireflies. 

t Not to be confused with the term, transition cell, used by Holmsrrmi (1895) and Townsend 
as synonymous for end-cell. 

t Bongardt saw cells intermediate in character, but not at the boundary between the 
layers. 
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dinucleotide (Ball and Ramsdell^ 1944) .* However, not only is there no 
decisive evidence of an actual transfer of material between layers, but, 
as Okada (1935a) has pointed out, there are difficulties in explaining 
how a waste material, which (according to Lund) crystallizes in the 
photogenic cells, comes to be redissolved, transferred (there is no blood 
circulation directly between the two layers), and recrystallized in the 
cells of the urate layer. Furthermore, Lund’s “striking and conclusive” 
proof of a “direct relation and actual tracing of products of decomposition 
resulting from photogenesis from their place of origin in the photogenic 
cells into the dorsal layer cells” consists of no more than the following 
observation: When a cross-section of an entire photogenic organ is 
viewed by reflected light, the dorsal (reflector) layer was seen to be packed 
with a dense white mass (crystalline deposit), and in the ventral layer 
similar (“same”) material was seen in the most peripheral cytoplasm and 
sometimes around the nuclei of the photogenic cells. Small amounts of 
this material were also observed by Limd in other viscera, and other 
investigators have reported that “urate” occurs in the fat body in con¬ 
siderable concentration. Lund also claimed that he found “different 
amounts of the accumulated products of katabolism in different species 
and different specimens of the same species,” and that “the degree of 
filling of the dorsal layer cells also corresponds to the amoimts of the 
deposit upon and in the photogenic cells.” These claims are in direct 
opposition to the observations of several workers, particularly Emery, and 
Geipel. By implication, Lund regarded these differences as progressive 
stages in a process starting with no crystalline waste in the photogenic cells 
at the beginning of adult life, and culminating in a heavy deposit in aged 
specimens. 

Lund’s theory implies that at any moment the photogenic cells of a 
given firefly would present a cytoplasmic appearance directly related to 
the total amount of light which had been produced. Since such an 
assumption is prerequisite for all ideas of photogenic-urate transformation, 
it is germane to point out, first, that with a number of techniques a 
considerable cytoplasmic variation is apparent not only between the 
photogenic cells of the same individual but between contiguous cells, and 
second, that the finding of differences does not necessarily justify arrang¬ 
ing them artificially into an irreversible temporal sequence. It seems more 
reasonable to assume that the photogenic cells go through individual, and 
probably asynchronous, cycles of activity which are repeated a number of 
times during the functional life of the photogenic layer. Such a view 

"It is alw interesting in view of McElroy & Ballentine’s (1914) claim that phosphate is 
liberated during the in vitro luminescent reaction of Cypridiwi* McDermott (1916) attempted 
to test Lund’s hypothesis by comparing the soluble phosphorus and nitrogen content of a 
solution of dried and powdered firefly organ which was allowed to luminesce in the presence 
of pe^ide, with that of one prevented from luminescing. He found lightly less of both 
phosphorus and nitrogen in the solution which had luminesced, and concluded that Lund’s 
theo^ was unsound. It is not clear, however, that a change in phosphorus and nitrogen 
should have been anticipated in McDermott’s experiment. 
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would agree with what occurs in many gland cells. At present, we can 
only speculate on what this “activity” is. However, the schemes of en¬ 
zymatic oxidation and resynthesis of luciferin which have been developed 
in recent years furnish a reasonable pattern (see summary in Johnson 
et aL, 1945). It is true that the cytological differences between cells of 
the same organ could be explained by assuming that all the cells are in a 
stable equilibrium of oxidation (photogeny) and synthesis, but that the 
point of equilibrium (intensity of activity) differs in different individual 
cells and is reflected in their appearance. Critical information bearing on 
these various possibilities would be of great importance in questions of 
chemistry and physiology of the photogenic process and the mechanism 
of control, but none exists aside from scattered observations of spotty or 
localized glowing of the photogenic organ. These, however, indicate the 
possibility of differences in the responses of different cells. 

The fact that organs of Types 1 and 2 operate without a reflector 
layer could be construed as indicating that it cannot have any essential 
connection with photogeny, although Wielowiejski argued that, since these 
organs are characteristically very small, their wastes could diffuse away 
directly. 

Recent biochemical schemes (^.g., McElroy and Ballentine, 1944), 
pro\ide for the resynthesis of at least part of the oxidized luciferin. If 
this occurs, and if the necessary energy is supplied by reactions having 
gaseous or easily diffusible end-products, there need be no accumulation 
of organic w^aste products in the photogenic cell and no necessity for 
providing elaborate mechanisms for their removal. There is also the 
possibility that reactions which are not reversible in vitro (^.g., the 
luminescent oxidation of Cypridina luciferin) are reversible in vivo^ 
making possible an even greater conservation of material by cyclic re- 
utilization. 

On the w’hole, therefore, there has been no clear demonstration of w^hat 
the function or functions of the reflector layer are, although the large 
bulk of the tissue, its close association with the photogenic layer, and its 
regular presence in many fireflies suggest that it must be of utility to the 
organism. 

The Tracheal End-Cell. The end-cell has been the subject of much 
detailed study, since its strategic position at the beginning of the tracheoles 
at once suggests that it may be concerned in controlling the oxygen w^hich, 
presumably, passes through the tracheoles into the photogenic cells. The 
end-cell is by no means a typical cell. Ordinary techniques often fail to 
reveal much more than its nucleus. The cytoplasm is best demonstrated 
by subjecting the intact animal to osmic acid vapor. This apparently 
diffuses imaffected through most of the tracheal system, but escapes into 
the cytoplasm in the region of the end-cell, where it is reduced to the 
black suboxide or metallic form. Progressively heavier doses delineate 
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progressively more of the cytoplasm and processes of the end-cell, and 
sometimes the tracheoles. The number of processes present usually cor¬ 
responds to the number of tracheoles given off, where the two are distin¬ 
guishable. It varies from two to seven in different species, though it is 
usually rather constant intraspecifically. 

It is sometimes not clear how the tracheoles originate within the end¬ 
cell Geipel shows the tracheal twig terminating blindly within the end¬ 
cell, without any tracheoles being present (figure 3). However, the 
most popular idea involves a continuous tubular connection, within the 
end-cell, between the narrowed tip of the tracheal twig (or a common 
tracheole issuing from this tip), and the tracheoles (see figures 2, 11, 
and 13; also the drawings of Wielowiejski). According to Bongardt, and 
Dahlgren, there is a darkly staining annular swelling (“rounded body” or 
“ampulla”) around the common tracheole (figure 11, “S”), for which 
sphincter properties have been postulated (Dahlgren; Creighton, 1926; 
Snell, 1932; Alexander, 1943). Little differentiation has been observed in 
the cytoplasm of the end-cell, except by Dahlgren, who described “con¬ 
tractile radial fibers” (figure 11). This observation is considered in 
detail in the last section of the present paper. 

Lund seems to have regarded the permeability to osmic vapor, and the 
ability to bring about its reduction, as specific and exclusive properties 
of the tracheal end-cell and the tracheolar wall or membrane. On the 
basis of the temperature lability of the osmic reduction effect, he even 
ascribed it to the presence of a specific “reductase”, which he assumed 
also to perform an analogous fxmction in transferring oxygen in lumines¬ 
cence.* Wielowiejski had a somewhat similar idea. However, it has 
long been known that, with heavy doses, the area of reduced osmium 
spreads beyond the end-cell into the cytoplasm of the contiguous photo¬ 
genic cells. Moreover, it was shown by Wielowiejski that, in Type 3 
organs (which lack end-cells, and in which the tracheoles do not all 
originate at one point), the tracheoles are nevertheless permeable to osmic 
acid vapor and the surrounding photogenic cytoplasm is able to accom¬ 
plish its reduction.! This was also shown clearly in Pyrophorus by 
Geipel. 


* Remy (1926) found (not in fireflies) that the tracheal wall recolorizes indiso-white and, 
hence, has an '^oxidative power.** It is not clear, however, why this effect is not dne merely 
to the proximity of gaseons oxygen. Aside from Inciferase, no enzymes have been separated 
from photogenic tissue. Among other enzymes which have been postulated is Gerretsen’s 
**photogenase'*, which presides over the formation of luciferin. Some suggestion of catalase 
activity is contained in Burge’s (1916) claim that fresh firefly tissue liberated more oxygen 
from hydrogen peroxide than did an equal weight of bee tissue, and that Ihe “luminous part*’ 
of a firefly liberated more than the non-luminous. The work, however, was poorly controlled. 

t Wielowieiski distinguished clearly and categorically between Type 8 organs with their 
tree-like tracheal branching (such as those of Lampyris or the minute “tuberculate** organ of 
the female of Lamproihisa splendtdida) and the T^e 5 organs with end-cells of Lamprorhiza 
splendidvla* He did point out, however, that sometimes in Type 8 organs the point of 
origin of tracheoles, especially if more than one tracheole is involved, may simulate an end-cell 
due to the reduction of osmium there. This is particularly true since the thin tracheal 
epithelium often fans out at such loci. Geipel apparently observed similar structures in the 
reflector layer of PhoHnus marffin^tus, which he interpreted as a different type of end-cell. 
Bongardt, working with Ihe same materials as Wielowiejski, apparently duplicated the latter’s 
observations very closely, but his presentation and discussion are so incredibly incoherent and 
contradictory (culminating on his page 25) that I found it impossible to make out whether 
he even believed in the edstence of end-e^ at alL 
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One of the least clear features of the end-cell is its external surface. 
This subject, though rather esoteric, is considered here in some detail, 
because it may help to clarify a large mass of confused literature and 
because it bears on certain properties of the end-cell and tracheoles which 
are of physiological interest. In macerated preparations (figures 27, 37, 
and 40), the end-cells maintain their integrities as separate masses of 
protoplasm. However, their apparent limits seem often to depend on the 
degree of osmic impregnation {e,g.^ Schultze, Townsend, Lund) and 
often no sharp membrane can be made out in either fixed or fresh 
preparations. This fact is illustrated in Townsend’s and Dahlgren’s 
figures, and I have observed it in most of the species of Photinus which 
I have studied (figures 31, 37, 39, and 40). Emery was even led to 
consider all the contents of the cylinder as a sort of syncytium, and both 
Emery and Townsend regarded the end-cells as artifacts. It is clear from 
their figures, however, that they were dealing with the same structures 
which we now call end-cells. On the other hand, many investigators 
figure the end-cells as with a definite boundary, although they are vague 
about its nature (^.g., figures 2 and 3). Part of the confusion results 
from the fact that the tracheal end-cell is believed to be a derivative of 
the thin tracheal epithelium w'hich covers all the tracheae, including the 
lateral twigs in the cylinder (Lund; Williams; Hess, 1922). Wielowiejski 
and Emery, for example, conceive of this epithelium as stretched over the 
flat fan-like furcation point of the tracheoles, like the web of a duck’s 
foot, thus forming the “membrane” of the end-cell. This membrane, in 
turn, is produced as an “end-cell process”, and invests each tracheole 
individually throughout its course (or, according to Bongardt and 
Williams, part of its course). Over most of this distance, the epithelium 
is indistinguishable from the tracheolar wall proper, because of its extreme 
thinness. On the other hand, in regions where the two can be separated 
visually, they can be differentiated also by the use of strong alkali, which 
dissolves the former, leaving the chitinous (5zc) tracheole. 

Other descriptions of end-cells differ in several respects from that of 
Wielowiejski. According to Bongardt, the end-cell processes accompany 
the tracheoles for long distances in the photogenic tissue, branch and 
anastomose richly on the surfaces of the cells, but eventually terminate 
and leave the individual unbranched tracheoles to run alone farther into 
the tissue. Geipel, on the other hand, seems to find no typical tracheoles 
at all in Photinus marginellatus, but only long, hollow, tapering end-cell 
processes, like the roots of a molar tooth, which embrace the photogenic 
cells (see also figure 10).* Likewise, most of the species studied by 
Hasama have tapering end-cell processes. Here, however, a tracheole 
runs in each process up to, but not beyond, its tip. My observations on 
Photuris, which has end-cells apparently very similar to those of Photinus 

*The tracheoles shown within the end-cell and processes of Dahlgren’s reproduction (his 
Figubb 19) of Geipel*a fiffare (here reproduced as Figxtrb 8) are not in GeipeFs original. 
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marginellatuSj lead me to believe that Geipel overlooked all^ and Hasama 
part, of the tracheoles. In Photuris, these extraordinarily delicate 
tubules can be seen running from the tracheal twig into each end-cell 
process, and then issuing from the distal end of each process and proceed¬ 
ing farther into the photogenic tissue. This is visible in preparations 
made by several standard methods, and thus is unrelated to the vagaries 
of osmic acid penetration. 

In summary, it seems justifiable to conclude that all the t>'pes of end- 
cells discussed are built on the same fundamental plan of multiple 
tracheolar branching from a tracheal twig. 

There seem to be two main ty^Des: the Photinus type (with some 
exceptions), in which the end-cell is strictly limited to the cylinder, has 
an indistinct “cell membrane”, and gives off usually two tracheoles of 
uniform diameter (figures 11, 22, 26, 31, and 38); and the Photuris- 
Lamprorhiza-Photinus marginellatus type, in which the end-cell projects 
into the photogenic tissue, has a definite “cell-membrane”, and gives off 
usually four to seven apparently tapering processes which accompany the 
tracheoles for varying distances into the photogenic tissue (figures 6, 10, 
14, and 32). There are numerous additional minor discrepancies between 
the various accounts of end-cells. Some of these are doubtless bona fide 
differences in material. However, there is probably considerable justifica¬ 
tion for attributing much of the contradiction to inferior optics, since 
the homogeneous immersion lens was not in general use until about 1885. 
This is the more reasonable in that the details in question are near the 
limits of microscopic resolution. 

The Photogenic Cytoplasm. The strikingly granular contents of the 
photogenic cells have attracted the attention of numerous workers. The 
granules are minute, usually spherical and densely packed, and take acid 
or plasma dyes. Dahlgren claims that tissues fiixed in boiling fixatives 
show that the granules are spherical in the male, rod-shaped in the 
female (figure 11). Hasama (1942a) could not confirm the distinction 
in Pyrocoelia rufa^ but says that Okada found about half the females 
in P. consanguineus differing from the males in the manner claimed by 
Dahlgren, In Photinus pallens, I found that granule shape is more or 
less constant in a given individual and may differ in different indi\'iduals, 
but is not characteristic of either sex. 

Dubois regarded the photogenic granules ("“vacuolides”) as self- 
perpetuating entities comparable to mitochondria, and a similar concept 
is implied in Dahlgren and Kepner’s term “photochondria”. Von'willer 
(1921) claimed that the granules stained like mitochondria, but Takagi 
(1934) showed that mitochondria could be demonstrated independently 
of the granules in Luciola cruciata. Moreover, Dubois was unable to 
culture granules isolated from several organisms. 

Kuhnt (1907) suggested, by analogy with leguminous root-nodules. 
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that the firefly light organ contains symbiotic bacteria. Pierantoni (1914), 
influenced by his studies on the symbiotic “mycetome” organs of 
Hemiptera, claimed to have cultured two kinds of bacteria from both 
the photogenic organ and the egg of Lampyris. These “bacteria” were 
described as distinct from the photogenic granules. Their figured appear¬ 
ance strongly suggests that they are mitochondria. Pierantoni did not 
make single-cell isolation cultures, and his evidence for the transmission of 
the “bacteria” by way of the egg is unconvincing. Furthermore, his cul¬ 
tures were not luminous. This is not necessarily a decisive objection in 
view^ of the knoum dependence of bacterial metabolism on culture condi¬ 
tions. Also, similar results have been obtained in various organisms, 
particularly fish, where the evidence for bacterial symbioticism is much 
more sound than it is in fireflies (see Harvey, 1940, pages 30 to 36). 
Vogel (1922) and Hasama (1942a) were unsuccessful in culturing any¬ 
thing from the light organs of fireflies, although Hasama’s failure may 
have been influenced by his choice of 37® G. as an incubation tempera¬ 
ture. Buchner originally (1914) supported Pierantoni’s thesis, though 
he never, himself, worked on Lamp^Tids. In the second edition of 
Buchner’s book (1930), however, the matter is left undecided. 

Harv’ey and Hall (1929) demonstrated that the development and func¬ 
tioning of the adult light organ in Photuris pennsylvanica is unaffected by 
ablation of the larval organs. They concluded, therefore, that bacteria 
are not concerned with luminescence. They acknowledged, however, the 
possibility that bacteria in a non-luminous phase might have existed in 
other parts of the body and have contributed to the formation of the 
adult organ. 

On the whole, although the photogenic granules and other cytoplasmic 
inclusions often resemble bacteria in form, size and staining, and although 
some organisms apparently do have organs (even luminous organs) which 
contain symbiotic bacteria, the evidence in regard to fireflies is so weak 
that a definite conclusion \vould be wholly gratuitous. 

A number of workers {e,g., Williams) have described the staining re¬ 
actions of the photogenic granules with a variety of dyes. Since, however, 
most such reactions are highly unspecific in a chemical sense, the most 
that can be concluded is that the granules probably contain protein. The 
granules have been identified as “the” photogenic material (Dubois: 
Dahlgren and Kepner, 1908; Lund, McDermott, Dahlgren, Williams, 
etc.), or even specifically as “luciferase”, “photogenin” or “lucifeiin”, 
's\’ith very tenuous justification except that granules of some sort seem to 
be associated with light-production in all known animals. It is outside 
the scope of this paper to go into the chemistry of the photogenic layer 
in detail, but it is obviously relevant to mention that analyses of whole 
organs by Dubois, Harvey, Gerretsen (1922), McDermott, and others, 
ha\^ shown that luciferase and luciferin are present (or, at least, that 



BUCK: THE LIGHT ORGAN IN FIREFLIES 


413 


two extracts can be prepared which luminesce when mixed). These are 
universally assumed to be localized in the photogenic layer. Considering 
the certainty that the photogenic layer contains a number of compounds 
of varying complexity, and in view of the probability of contamination 
already mentioned, it is not surprising that earlier analyses of the material 
of the “photogenic layer” yielded identifications as diverse as “albumi¬ 
nous” (Kolliker), “lecithin-like” (Lund), and “phosphatide with an 
aliphatic radical” (McDermott, 1911b). 

Another interesting feature in the cytoplasm of Type 6 photogenic 
layers is the striking “differentiated zone” which surrounds the cylinders, 
(figures by Lund; Hess, 1922; Dahlgren; Williams; and Okada, 1935b). 
This zone is formed by a part of the peripheral cytoplasm of the photo¬ 
genic cells in which the so-called photogenic granules are lacking, and 
only an extremely fine-grained and compact-looking cytoplasm can be 
seen (figures 10, 11, 22, 26, and 31). The zone is of varying thickness 
in different species and in some has apparently not been recognized. That 
it differs chemically or physically from the rest of the cytoplasm, is indi¬ 
cated by its different response to a number of dyes. It is traversed, of 
course, by the tracheoles or by the end-cell processes as they pass from 
the cylinder into the luminescent tissue. Thus it is, by inference, the 
region where photogenic material might first come in contact with oxygen. 
According to most workers, this differentiated region is not found between 
different photogenic cells but only between the cells and the cylinder, or 
along the dorsal and ventral surfaces of the photogenic layer (figure 26). 
In some of my preparations, however, it apparently also forms a very 
thin layer along the internal faces of the photogenic cells. The zone thus 
envelops the photogenic cells completely and “insulates” their interior 
cytoplasm. Possibly with this thought in mind, Dahlgren made the stimu¬ 
lating but unsupported proposal that this zone is impermeable to oxygen 
and serves as a protection against the “entrance of any ox>’gen that might 
come into the cells except through the tracheal capillaries.” Aside from 
the difiiculty of visualizing the mechanism of this impermeability, many 
firefly photogenic organs are apparently not equipped with such a protec¬ 
tive layer and yet do not show uncontrolled luminescence. There may 
be some merit in the general concept, however, since Wigglesworth 
(1930), and others have shown that the walls of even large tracheae are 
permeable to oxygen. This suggests, in view of the low partial pressures 
of oxygen necessary to support luminescence (see page 442), that the 
quantity dissolved in the general body fluids might be suflBcient to support 
luminescence, if there were no insulation. Also, as suggested on page 424, 
the differentiated layer might possibly have some bearing on observed 
differences in types of luminous emission (see also page 449). 

The final peculiarity of the photogenic cytoplasm here considered is the 
unobtrusiveness of its limiting membrane. To be sure, the presence of 
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sharp cell boundaries is described, or implied, by numerous workers (e.g., 
FIGURES 6, 9, and 10; see also Hasama, 1944b), but in other instances 
tribute is paid to the fact that often no membrane of any sort has been 
observ’ed (figures 7, 11, 14, and 23). Lund, in fact, frankly regards 
the photogenic cytoplasm as a syncytium. This may be so in some species, 
but I hope to show later that in Photuris pennsylvanica, to which Lund 
referred particularly, cell membranes can be demonstrated. One reason 
why the membranes are difficult to find in Type 6 organs, is that they are 
concealed or obscured by the tracheoles. For example, in a horizontal 
section of the photogenic layer, the ‘‘lines” delineating the rosette pattern 
ordinarily appear single, and it is virtually impossible to decide, even 
with progressive focusing, w’hether one is looking at a tracheole or at a 
cell membrane in edge view (figure 22). Even a double line would not 
be conclusive, since “the” membrane separating two photogenic cells is 
presumably double. Likewise, in a cross-section of the organ, some mem¬ 
branes are in face or quartered view\ and hence invisible. Usually, it is 
only w’hen a section is chosen so that an edge view of a membrane and a 
cross-sectional \iew’ of tracheoles are seen simultaneously, that one can 
distinguish the two with certainty. Figures of such views have been 
published by Bongardt, Townsend (and Geipel, for the end-cell processes), 
and examples from Photuiis pennsylvanica and Photinus pallens are pre¬ 
sented in figures 35 and 36. In horizontal sections of the organ, cross- 
sections of tracheoles can usually only be seen close to the ventral (outer) 
surface, since it is only here that many of the tracheoles run vertically 
(figure 36). 

The Tracheoles. The origin of the tracheoles and their general 
arrangement should be clear from the discussions and figures already 
presented. Measurements of the dimensions of tracheoles (or, indeed, of 
any part of the luminous organ) are rare. The only figures for tracheolar 
diameter are Wielowiej ski’s and Lund’s 1.3 and 1.1 microns, respectively, 
and for length, Townsend’s value of 20 to 60 microns (estimated from her 
figures on the distances betw’een cylinders in Photinus marginellus). The 
quoted dimensions are of the same order of magnitude as the averages 
obtained by the w’riter, but there are wide differences between different 
species, and the diameter measurements are probably subject to large 
errors as w^ell as to variations caused by different techniques of prepara¬ 
tion. In Photuris, the tracheoles issuing from the ends of the end-cell 
processes appear to be much less than a micron in diameter. In organs 
of Types 2, 3, and 5, w'here anastomosis probably does not occur, the 
tracheoles are much longer and by no means uniform in diameter at their 
origins. Moreover, they taper, so that diameters approximating or exceed¬ 
ing the resolving powder of the microscope may be reached near their 
distal ends. 

One hotly debated morphological point, w'hich has physiological impli- 
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cations also^ is whether the tracheoles actually penetrate the cytoplasm of 
the photogenic cells or are exclusively extracellular in their courses. 
Heinemann (1872) reported that the tracheoles impale the photogenic 
cells in Pyrophorus^ though Robin and Laboulbene (1873)3 and Geipel 
described them as applied to the cell faces. Lund strongly espoused 
intracellular penetration in the several lamp^Tids he studied. However, 
the majority of workers on lampyrids have reported that the tracheoles 
(or end-cell processes) run only between or on the outside surfaces of the 
photogenic cells (Wielowiejski; Emery; Watase, 1895; Bongardt; Town¬ 
send; Geipel; Dahlgren; Williams; Okada, 1935b; and Hasama). Both 
intracellular and extracellular tracheoles have been reported in other 
kinds of insects (Wigglesworth, 1930 and 1939). Lund’s stand was pri¬ 
marily based on finding tracheoles close to nuclei in the same focal plane, 
mainly in Photuris pennsylvanica. I think this obser\'ation was a mis¬ 
interpretation, due to the fact that in this species, the limits of the cells 
are poorly delineated and the cells are often irregular in shape, over¬ 
lapping, and scarcely wider than the nucleus (figure 35). At anv rate, 
I have found no case of intracellular penetration of tracheoles in any of 
some twenty Jamaican and American species of Photinus and Photuris, 
Perhaps the most convincing evidence comes from the type of preparation 
already referred to, in which cell membranes and cross-sections of trache¬ 
oles both appear (figures 35 and 36). Another ty’pe of evidence is seen 
in surface views of freshly extirpated light organs which have been dried 
sufficiently for air to enter the tracheoles. Here, the tracheoles follow a 
course similar to that figured by Towmsend f figure 13), which cor¬ 
responds exactly to the intercellular interfaces seen typically in the rosette 
pattern of horizontal sections (figures 29 and 38). 

Another disputed subject is whether the tracheoles end free or anas¬ 
tomose with other tracheoles. This has physiological implications, since 
anastomosis might permit gas flow through the tracheoles, whereas trans¬ 
port to free endings would almost certainly be by diffusion. Anastomoses 
have not been reported in organs of Types 2 and 3. In Lampyris and 
Lamprorhiza the existence of “loops” was claimed by Kolliker, and denied 
by Schultze, but since tracheoles were unknowm at that time, it is not clear 
what was meant. Howwer, Wielowiejski found anastomoses only occa¬ 
sionally, and Bongardt states that they do not occur.* Five of the appar¬ 
ently Type 5 species discussed in Hasama’s papers are likewise of the 
Lampyiis type, since the end-cell processes (which are said to wholly 
contain the tracheoles) do not anastomose {Pyrocoelia rufa and P. analis; 
Luciola lateralis, L. cruciata and L, gorhami). In most Type 6 organs, 
profuse tracheolar anastomoses between contiguous cylinders are des¬ 
cribed (McDermott and Crane, Lund, Townsend, Williams, and Buck, 
1942). Emery saw no anastomoses in Luciola italica, though his figure 7 

* However^ Bongardt described the tracheoles as running in the end-cell processes, and the 
latter as branching and anastomosing richly! 
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closely resembles most Type 6 organs {e,g., figures 13, 29, and 39). 
Tozzetti apparently saw some anastomosis within the cylinder in L. italica, 
although his descriptions and figures are not entirely clear. Okada 
(1935b), however, shows the end-cell processes ending free (figure 10). 
On the whole, there appears to be a systematic difference between Types 
5 and 6 in regard to anastomosis of tracheoles. This should be kept in 
mind during die discussion of flashing behavior in the tw^o types. 

\Note Added in Proof. Dr. A. Glenn Richards recently made a number 
of electron micrographs of tracheoles from fresh light organs from males 
of Photinus pyralis which I supplied. The prints (3800 X) show isolated 
tracheoles of very uniform diameter (about 0.25 [x) and up to 25 [x long. 
In accordance with Richards’s findings in many other insects, the 
tracheoles show clear spiral thickenings throughout, and appear to end 
blindly, without anastomosis. I have some doubts as to whether the 
tracheoles are actually those originating from end-cells in cylinders, 
because in several instances they appear to arise in groups of three, 
whereas in histological preparations the number is invariably two. More¬ 
over, the advantages devolving from the increased resolution of electron 
optics are somewhat offset by the necessarily drastic method of preparation 
(maceration in water or weak alkali, teasing, drying in vacuo, and exposure 
to electron beams). Nevertheless, Richards’s pictures caution against any 
dogmatic insistence on the existence of tracheolar anastomosis.] 

Several writers have quoted Schultze as having shown the tubular 
nature of the tracheoles by gold chloride impregnation, forgetting that 
he never saw the true tradieoles. Wielowiejski, however, demonstrated 
the lumen by infiltration with dyed soap. It is now generally agreed both 
that they are hollow, and that the tracheolar wall is exceedingly thin. 
Both facts are illustrated in those figures of Bongardt and of To^vnsend 
\vhich show cross-sections of tracheoles, and in figure 36. 

Though all agree that the tracheoles are hollow, there is less unanimity 
on what they contain, at least in life. Schultze, Tozzetti, Emery, and 
Lund claimed that in freshly dissected photogenic tissue the “tracheoles” 
fin some cases the finer tracheae must be meant) axe nearly or entirely 
invisible, because they contain liquid. Tozzetti suggested that the 
tracheoles might carry part of the blood circulation. Wielowiejski and 
Townsend found that glycerin enters the air-filled tracheoles of a dried 
organ from the inside out {i.e., distal-proximal direction), from which 
they concluded—^irrelevantly, it seems to me—^that the tracheoles are 
air-filled in life. No observations have been made on live fireflies, nor 
are any to be expected, in view of the thickness and delicacy of the 
photogenic tissue. On the other hand, in insects such as fleas, and 
mealworm and mosquite larvae, whidi, admittedly, have different 
anatomies, the situation in life is apparently quite variable and changes 
under various conditions (Wigglesworth, 1939). It is clear that, in some 
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instances, the tracheoles are normally air-filled down to diameters of 0.5 
micron and, since this is the order of magnitude of firefly tracheoles, there 
seems to be no reason why they might not be air-filled. As a matter of 
fact, unless the tracheoles were gas-filled throughout, intracellular pene¬ 
tration of tracheoles would confer no advantage, since the distribution 
of oxygen in the photogenic cytoplasm (if such is the purpose of the 
tracheoles) must ultimately occur by aqueous diffusion, which could only 
be hampered by a tracheolar wall. This matter will be further discussed 
in the section on physiology. 

The Nerves. The least-known major anatomical feature of the photo¬ 
genic organ is its nerve supply. In spite of contrary statements in the 
literature, I have not found the ganglia supplying ihe photogenic seg¬ 
ments to be disproportionately large in comparison with those of similar 
non-luminous insects. Kolliker and Schultze were the first of several to 
report having seen nerves in the photogenic organ. With rare exceptions, 
however, these structures were demonstrated by reagents and techniques 
which are not recognized today as having diagnostic value in the identi¬ 
fication of nervous tissue. Therefore, since even the standard neurological 
techniques are too often unpredictable, the possibility of artifact deserves 
serious consideration. This is the more pertinent in view of the great 
difficulty reported in demonstrating the “nerves” and especially in dis¬ 
tinguishing their fine branches from tracheoles. Also, some very aty’pical 
structures have been described, as, the “knobbed” and “multinu- 
cleate” fibers of Wielowiejski and Bongardt.* Wielowiejski devoted 
several pages to a description of connective tissue fibers (in non-photo- 
genic tissue) which previous workers had misidentified as nerves, indicat¬ 
ing that the techniques then in use were by no means reliable. 

However, taking the reports at face value, the nerves generally follow 
the tracheal system rather closely (though Wielowiejski denies this) and 
are distributed in roughly the same fashion. There is much disagreement 
as to the ultimate terminations of the nerves, which are, of course, the 
regions of greatest interest. Tozzetti and Emery found no connection 
between nerves and any sort of cells in Luciola, Kolliker and Schultze 
could not trace the finer nerves to their ends in LamproThiza, though 
Schultze thought it likely that they innervated the photogenic cells. 
Wielowiejski found direct connections between nerves and the surfaces 
of photogenic cells in Lamprorhiza, as did Owsjannikow (1868) in 
Lampyris, Owsjannikow even described the nerve as penetrating to the 
nucleus, though Wielowiejski decried this idea. Geipel and Hasama 
(1942a) reported that in Photinus marginellatus and Pyrocoelia rufa^ 
respectively, the finest nerves connect directly with the end-cells (to the 

* Lindemann (1868) described **nerves** rannins to the **llsht-balls** in LampyrU, but his 
descriptions and condnsions are so bizarre that I can only conclude that he had mistaken 
some other tissue for the photoffenic organ. 
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nucleus, according to Geipel), and in Lamprorhiza and Lampyris, 
Bongardt found them connected with the exterior of both end-cells and 
photogenic cells. 

There is, therefore, no general agreement on the details of the nervous 
supply of the photogenic organ. In my opinion, a really convincing 
answer to this problem will require a full investigation which is devoted 
to this one point and makes use of modern neurological techniques. 

A Possible Ultra-tracheolar Network. In preparations made by 
silver nitrate impregnation, the tracheoles are heavily outlined in black 
by precipitated silver. In cross-section, they appear as little black 
circles strung on dotted black lines which are formed by a light deposit 
of silver on the photogenic cell membranes (figure 36). Wherever the 
plane between two tracheoles (which means the plane of a cell mem¬ 
brane) is horizontal or nearly so (that is, parallel with the stage of the 
microscope), the tracheoles are seen to be knit together by a close-meshed 
net\vork (figures 33, and 34). This remarkable structure is only visible 
here and there at any one focus in a given field, in agreement with the 
rarity of instances where a flat region of cell membrane happens to lie 
parallel with the surface of the section, but it is often possible to trace 
the network over a relatively large area by careful focusing. The indi¬ 
vidual strands of the network are far too slender (of the order of 0.1-0.2 
microns) to make it possible to say whether or not they are tubular. I 
have found them in Photuris pennsylvanica and P. jamaicensisj and in 
Photinus pyralis and P. pollens. 

This network could be interpreted as a mesh of extraordinarily fine 
tubules binding the tracheoles together, in a manner analogous to the 
capillary networks between arterioles and venules. This might make a 
more satisfying picture, physiologically, than tracheoles alone, because 
such a network might permit quicker and more uniform distribution of 
oxy^gen to the photogenic cell, and thus reduce the partial pressure of 
oxv’gen necessary to support luminescence. However, in spite of the 
sharpness, relative orderliness, and wide distribution of this structure, I 
am not insisting on the above interpretation for the present, because 
metallic impregnation is such a notoriously capricious technique that w’e 
must reckon with the possibility of an artifact. Furthermore, in macera¬ 
tion preparations, and in those prepared with caustic, where the tracheoles 
are relatively free from other tissue, they do not behave as if held together 
by a neUvDrk, nor do they show a rough outline such as might be left 
if the network had been tom off. 

On the other hand, “ultra-tracheolar” offshoots of tracheoles have been 
figured from other insects, though not in a network (Wigglesworth, 
1939, FIGURE 164) .* The reason that the network appears only with the 

•The network? described by Wistiiiffhaiisen (1895) and Holmflrren are larger than those dis- 
cfoased here by a factor of ten. Other supposed tracheolar networks have been reported Imt 
have been shown to be present also in vertebrate tissue (see Wigglesworth^ 1931). 
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silver nitrate technique is undoubtedly that the “tubules” are so delicate 
that they would be invisible without a completely opaque coating. This 
probably explains^ also, why they have not been reported previously, since 
silver nitrate has been used on firefly organs only veiy* rarely (Owsjan- 
nikow, 1868, Tozzetti; Geipel). 


PHYSIOLOGICAL ASPECTS OF LUMINESCENCE 

Introduction. It was formerly customary for writers on fireflies to 
include a section or appendix on “physiolog>\” Unfortunately, far too 
many of these were concerned only with a perfimcton' and uncritical 
exposure of fireflies to various common laboratoi*)^ reagents. Some of the 
early work, nevertheless, led to fundamental conclusions in spite of the 
understandable crudeness of the experiments. In considering modern 
physiological theories, we shall make extensive use of two of these general 
findings: the respective influences of the nervous system and of oxygen 
on luminescence. 

The remaining “physiological” literature falls into three classes. The 
first deals with the actual nature of bioluminescence. These old argu¬ 
ments and experiments over whether fireflies light by means of phos¬ 
phorus, crystallization, phosphorescence, etc., are interesting historically, 
but of no relevance to the present discussion since it has been generally 
agreed for over fifty years that animal light involves an enzymatic oxida¬ 
tion of an organic substrate. The second class of literature concerns the 
question of whether or not the light is a vital phenomenon, and again 
this can be dismissed, for no one since Pfliiger* (1875) and Bellesme 
(1880) has doubted that the actual luminescent reaction can occur in 
the absence of living protoplasm, or even in vitro. Finally, there is 
a huge mass of heterogeneous and unsystematized work which concerns 
almost every aspect of bioluminescence. Included in this category, 
for example, are the work on the effects of temperatmre, the papers 
on the spectral character of the light (for review, see Buck, 1941, 
and Grinfeld, 1944), and particularly the reports on the effects of literally 
hundreds of gases, vapors, acids, bases, salts, poisons, drugs, solvents, 
excretions, enzymes, etc., on intact fireflies and on isolated organs. All 
this work suffers from the fundamental ambiguity that it is uncertain 
whether the agent is acting directly on the actual luminescent reaction or 
upon a biological mechanism controlling it, as, for example, the nen^ous 

* The facts usually cited as evidence that light-production can be independent of life are 
the following: (1) Fireflies may still be glowing se^^eral days after their apparent deaths. 
(2) Fireflies which have been quickly dried and kept in absence of air, may glow when 
moistened, even after several years (€.p„ McDermott. 1916). Pflnger jp. 287) countered these 
two arguments with allusions, respectively, to the sustained irritability of extirpated fsurviv¬ 
ing) frog muscle, and the viability of cysts of rotifers, etc- Host workers, however, consider 
these arguments invalid. 
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system. Furthermore, much of this research is vitiated by failure to 
specify concentrations, particularly of gases and vapors, and because of 
&e use of single, or only very few, fireflies for each reagent tested. 
Obviously, we shall be able to utilize only small and isolated fragments 
from this literature in pursuing the problem outlined in the general 
introduction. Some of the remaining information, however, is of potential 
physiological use, though at present one can draw only the most obvious 
sorts of conclusions, such as that strong protein precipitants extinguish 
luminescence. The data have further value in showing that one cannot 
possibly regard the depression or stimulation of luminescence by a given 
agent as a specific effect, and that one cannot safely argue by analogy, in 
the sense of saying, for example, that because a capillary dilator increases 
luminescence, it does so by dilating the tracheoles. 

Normal Types of Light-Emission. The difficulties in analyzing the 
various types of luminescence seen in different kinds of fireflies are 
increased by the fact that many workers have not distinguished between 
luminescent behavior in the field and that under laboratory conditions. 
There are four normal types of light-emission. 

The Continuous Glow. This type of luminescence, in which the light 
is emitted as a glow of rather uniform intensity, usually continuing 
throughout life, is common in lower organisms such as bacteria and fungi, 
and is found in the larva of Phengodes and in the eggs and pupae of some 
fireflies. As far as I know, the glow occurs normally in only one kind of 
mature (adult?) firefly, the larviform female of Phengodes. Even here, 
it fluctuates moderately, following mechanical stimulation. 

The Intermittent Glow. In this type of luminescence, the light is emitted 
as a relatively steady glow which lasts for seconds or minutes. Hasama 
(1942c) timed the spontaneous activity of a larva of Luciola cruciata for 
15 consecutive glows and found that the average duration was 20 seconds 
(range 7 to 60) and the average interval between glows was also 20 
(range 4 to 86). Comparable figures were also observed for the larvae of 
Pyrocoelia rufa and Luciola lateralis by Hasama (1942b and c), and for 
Photuris pennsylvanica by the writer. In intermittent glowing, the light 
ordinarily takes several seconds to increase from zero to maximum inten¬ 
sity, and a comparable period to disappear. In lar\^ae of Photuris penn¬ 
sylvanica, however, I have seen the light appear or disappear in approxi¬ 
mately a second. Intermittent glowing is apparently under voluntary 
control, although quite often there seems to be no correlation between 
luminescence and either acti\’ity of the animal or external conditions. 
Such glows can often be intensified by mechanical stimulation of the 
animal. Intermittent glowing is characteristic of the genera Phrixothrix, 
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DiphotuSy and probably Lampyrisj* and of the larvae of most fireflies. 
It also describes well the light-emission in Pyrophorus^ although Harvey 
(1931) reported that, after a given glow has passed through its plateau 
phase and entered the decay phase, a rhythmic fluctuation, with a period 
of 0.8 to 2 seconds, and an amplitude variation of 25 per cent or more, 
can sometimes be observed “after the light has nearly subsided.” Heine- 
mann (1872) apparently observed the same phenomenon. Har\’ey 
ascribed these fluctuations to direct nervous stimulation, although he 
stated that they might possibly be caused by “some muscular mechanism 
connected with local distribution of air. . 

The Pulsation. Hasama (i942a, 1942b) described the light of 
Pyrocoelia tufa and Luciola lateralis as being emitted in pulses, averaging, 
respectively, 6 to 13 and 60 to 110 per minute, with slight sex differences. 
The pulses are usually fused, thus giving the effect of a continuous light 
fluctuating fairly regularly. There are also occasional periods of darkness. 
Schultze’s description of a rhythmic ebb and flow in the light of the male 
of Lamprorhiza splendidula, indicates that this species may belong here, 
too,t but no information accurate enough to justify including any other 
species is available. In regard to frequency, Gerretsen’s Luciola vitticollis 
(60-120 per minute) resembles Luciola lateralis^ as do several of the 
Oriental and East Indian forms mentioned in many of the extraordinan' 
reports of synchronous flashing (Buck, 1938). However, no further data 
are available on their types of luminescence. 

As will be seen shortly, some forms of flashing also show pulses, but, 
for the moment, these are considered to be basically different from “the 
pulsation”, because (a) their frequency is very much higher, (b) they 
occur as part of a rigid, regularly repeated pattern, each burst being 
followed by several seconds of darkness, and (c) the increase and decrease 
of luminescence is abrupt. On the other hand, the pulsation may not 
prove to differ fundamentally from the intermittent glow, in view of 
Harvey’s (1931) photocell string galvanometer studies on Pyrophorus. 
He found that the apparently steady bright plateau glow actually often 
fluctuates at a frequency of 254 to 5 cycles per second, though with an 
amplitude variation (5%) which is too small to be detected by the human 
eye. For the time being, however, the category is useful for those forms 
which are neither typical glowers nor typical flashers. 

* It Is extraordinary that so few of the early workers tronhled to describe directly the type 
of liffht-emission of their material, or to differenUate between the emissions of different types 
of orfrans, such as the lateral tuberculate and the ventral organs of the female of Lamprorhiza 
aplendidtiia. SpallanzanJ, and Cams (1864) mention that the larval light of “Lampyrit^* 
is continuous, but this is opposed by tenuous aliusions here and there in the literature. 
For the emission type of the adult, we have only the indirect statements of Owsjannikow 
(1868) that the light of the male of Lammiris noctUuca intermittent, though some lighted 
for hours”; of Wielowlejski that “after the stopping of intense glow a weak shimmer is 
seen”; and of Bongardt that “I have never observed that the Lampyridae can suspend their 
light suddenly”. BeHesme states that the female of L. noetHuea requires 12 seconds for control, 
whereas the larva can extinguish its light “suddenly** (2 to 8 seconds). This indicates that 
at least Lampyris is of the Intermittently glowing type. 

t Dahlgren writes of the female of Lamprorhiza as glowing continuously and the male as 
flashing, but it is not apparent that he observed either sex critically. 
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The Flash, This is the most familiar normal t>’pe of light-emission in 
American fireflies and is seen in many of the common lampyrids 
Photinus, Photuris, Luciola italica?^). In its simplest form, the flash 
consists of a burst of light of much greater intensity and much shorter 
duration than occurs in a glow. Ordinary observations show that the 
light intensity rises abruptly from zero to a maximum and then declines 
abruptly again to zero, but the duration of the flash is ordinarily so short 
that no accurate idea of the phenomenon can be obtained with the naked 
eye.f Using sensitive photocells in combination with amplifiers and a 
string galvanometer or oscillograph. Brown and King (1931), Snell (1932) 
and Alexander have carefully studied the “normal” laboratory) 
flashing of Photinus pyralis and Photuris pennsylvanica. These studies 
show, among other tilings, that the duration of the flash is of the order 
of 0.1 to 0.2 seconds and rather constant, intraspecifically; that the peak 
intensity’ and total amount of light emitted per flash are quite variable; 
and that the augmentation and decay phases are fairly symmetrical (figure 
41). The extensive photometric work of Coblentz established 1/400 
candle as the light intensity of an average flash of Photinus pyralis. 

The limitation of most recent experimental work to Photinus pyralis, 
which has a simple single flash, and Photuris pennsylvanica^ which seems 
to have a single flash under laboratory conditions, tends to obscure the 
fact that many much more complex types of flash exist. McDermott 
(1917) summarized the characteristic flash types given during normal 
flight by nine American species. Most of these are single flashes of various 
durations and relative intensities. However, the male of Pyractomena 
lucifera and both sexes of one variety of Photuris pennsylvanica emit 
flashes with multiple peaks, instead of the simple “normal curve” type of 
luminescence (figure 41). These flashes (better, “coruscations” or 
“twinkles”) can be construed either as due to an optical fusion of separate 
flashes occurring close together or as rapid fluctuations in peak intensity 
of a single flash. I have records similar to McDermott’s of the flashing 
characteristics of about forty species of Jamaican fireflies, of which eight 
show a coruscating ty’pe of flash. These multiple flashes differ inter- 
specifically in duration, and in the frequency of the individual peaks, and 
in some species occur in complex, but constant, combinations with single 
flashes. The maximum frequency of the oscillations in intensity during 
a coruscation is not known, but is certainly not much less than the critical 
flicker fusion frequency of the human retina (probably from 25-30 cycles 
per second under the conditions of observation). Lund’s description of 

* In LiickHa italica, Emery described the 'Mnoi’ease and decrease of the li^ht in short resrular 
intervals,” and Verwom (1892) described the "rhythmic intermittency** of the light of both 
sexes in flight. The frequency was 60 to SO per minnte according to Verwom, and 80 to 100 
per minute according to Peters (1841). Verwom mentioned a weak continuous glow, given 
while resting, and stated also that the light was not completely extingaished between fl^hes. 
This description fits pulsing as well as flashing, but GeipeTs "strict rhythm of flashing and 
extinction” indicates that L. italica is a flashing type. 

t Occasional individuals of flashing species show a very faint glow which persists between 
flashes. 
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“regular^ rapid and numerous changes in intensity” in the flashing of 
two Jamaican species of Photinus almost certainly refers to such corusca¬ 
tions. 

It is possible that even the apparently single flashes of some species may 
show finer cyclic oscillations similar to those discovered in Pyrophorus by 
Harvey (1931). In Photinus xantkophotis catherinaej, which has a veiy^ 
large organ and a flash lasting about half a second^ I occasionally saw, 
with peripheral vision, very slight and very rapid fluctuations. However, 
it is also possible that a subjective effect is involved in this, since it is well 
known that, with light of very low brightness, the eye tends to shift its 
retinal fixation point rapidly. Such an effect might also be the explanation 
of the '‘ebranlement particulier^^ of the “retina” which Bellesme reported 
in close observation of the light of Lampyris in a darkroom. 

In many flashing types of fireflies, light-emission is used in astonishing 
systems of mating signals in w^hich the male flies about, flashing at regular 
intervals, w^hile the female, usually at rest, flashes in response to his signals 
(Osten-Sacken, 1861; McDermott, 1910, 1911a, 1912, 1917; Mast, 1912; 
Buck, 1937b). These signal systems are remarkably precise in their time 
relations and differ characteristically in different species. In normal flight, 
the male produces his luminous unit (w^hether single flash, coruscation, 
or complex) at regular intervals, and this emission pattern is so character¬ 
istic that the males of each of the dozen or more species w^hich may be 
active at night in the field at the same time can be identified reliably from 
observation of their flashing, alone. As might be expected, the frequency 
of flashing rises with temperature (Snvder and Snvder, 1920; Buck. 
1937b). 

In summary, these four types of light-emission can be interpreted as the 
results of four progressively more effective modes of control. The con¬ 
tinuous glow is an indication of the inability of the animal to prevent the 
luminescent reaction, or even to change its rate materially. In the inter¬ 
mittent glow type, the organism can interrupt photogeny, but only slowly, 
and the plateau level of glow" presumably represents the condition with no 
control operating. In the pulsation, a further refinement of control may 
be assumed to have developed, so that now the light can be made to 
fluctuate fairly rapidly. In the flash, finally, the control mechanism 
achieves its highest development, as indicated by its ability to bring about 
bursts of light of very quick accretion and decay, of short duration, and 
with complete extinction between even closely spaced flashes. Since, in 
most flashes, nothing resembling a “plateau” is reached, it is uncertain 
w"hether or not the peak of the flash represents maximum possible lumines¬ 
cence. 

With the above hypotheses in mind, it is interesting to review these 
various types of light-emission in connection with the morphological 
studies already discussed. In the continuously glowing Phengodes^ the 
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luminous cells lack any specialized tracheal supply and presumably obtain 
oxygen from the body fluid with which they are bathed. Tracheae are 
also absent in eggs, and presumably also in pupae, because of histolysis. 
In the organisms with intermittent glows, we find, exclusively, organs of 
Types 2 and 3, with a branched and tapering tracheal supply lacking 
end-cells. In the fireflies with the pulsating type of light-production, we 
find end-cells present, but with arborescent tracheal branching, as de¬ 
scribed for organs of Type 5. Finally, in the flashing type, we find the 
cylinder, the highest morphological development in the sense of precision 
and complexity of organization. Thus, there seems to be a striking 
correlation betw^een the type of tracheal supply in the photogenic organ 
and the normal type of luminescence. In particular, the presence of end- 
cells seems to be associated with the ability to produce a flash or pulse. 
This has been pointed out previously by various workers on the Type 6 
organ* and will be discussed further in connection with end-cell physi¬ 
ology. Whether or not the proposed distinction between the pulsation 
and the “true” flash will prove valid must await careful observation on 
further species having the Type 5 tracheal arrangement. At present, 
I am not able to suggest any very convincing anatomical reason why the 
T^-pe 5 organ should be less able than the Type 6 to control luminescence 
abruptly. Control might be connected with the cylinder itself, but it 
might also be related to some other anatomical feature such as, for ex¬ 
ample, the differentiated zone of the photogenic cytoplasm, or tracheolar 
anastomosis, neither of which seems to have been recognized in firefly 
photogenic organs of Type 5. 

Localization of Luminescence. Microscopic observation of the ac¬ 
tive photogenic organ, preferably in the living animal, provides the only 
acceptable evidence of where light-production is localized. A number of 
investigators have reported work of ^s sort. Except for Weitlaner (1909), 
no one, since KoUiker first demonstrated the two-layered structure of the 
organ, has doubted that the light is produced in the “photogenic” layer, 
although certain workers {e.g,^ Wielowejski) thought that the reflector 
layer, too, was slightly luminescent. Almost certainly, this idea was fos¬ 
tered by contamination of the reflector layer with photogenic material or 
by diffusion of light from the xmderlying photogenic layer. 

Spallanzani was probably the first to observe the surface of a glowing 
light organ. He reported having seen many tiny points of light. Kolliker 
and Schultze observed the same “minute sparks” in Lamprorhiza, and 
Schultze, in addition, believed that the points corresponded to his newly 
demonstrated end-cells. Schultze is generally credited with the claim 
that the light is confined to the end-cells, but actually he referred to the 
light as “beginning” in the end-cells. Since he also suspected a connec- 

♦ This is apparently what Hasama (1942c> was referrinsf to in his statement that •'many 
authors have ascribed the stronsrly rhythmic blinking of tropical fireflies to the concentric 
arrangement of the end-cells.” (T^nslation.) 



BUCK: THE LIGHT ORGAN IN FIREFLIES 


425 


tion between nerves and “parenchyma” (photogenic) cells, Wielowiejski 
and Bongardt have argued that this implies his believing the photogenic 
cells to luminesce in addition. Bongardt and Lund described just such 
a spread of light from minute flashing points into a general glowing of 
the whole organ, and stated that the positions of the individual spots were 
constant, though their intensities were not. Bongardt also claimed that 
the number of end-cells, as determined from the points of reduction of 
osmic acid, far exceeds the number of lighting points, indicating that the 
end-cells are not the luminous points. This argument is not necessarily 
relevant, since not all the end-cells would need to be active at once. 

The localization of luminescence has been much more extensively 
studied in the Type 6 organ than in Lamprorhiza and Lampyris, Emery 
set the general pattern for all later workers when he described the surface 
of a glowing (not sparkling) Luciola italica organ as show’ing a pattern 
of luminous rings, the dark centers corresponding to the cylinders. The 
same sort of structure has been observed in Photinus marginellus (Towm- 
send), Photuris pennsylvantca and three Jamaican Photini (Lund), and 
in Photinus pyralis and Photuris pennsylvanica (Alexander). Emery dis¬ 
covered, in addition, that the luminous rings were not uniform but show^ed 
spots w’hich lit up and went out irregularly and w^ere, he thought, constant 
in position. Emery is a little vague about the exact localization of these 
spots, but it appears that he believed the light to occur at the contact 
between the end-cells and the photogenic cells. Lund confirmed Emer>’’s 
observations in all respects and added the finding that the end-cells did 
not luminesce. He also discovered that when an organ was glowing 
brightly enough so that the individual rings fused and made the whole 
intercylinder area luminescent, the brightest region w^as in the differential 
zone at the periphery of the photogenic cells. Alexander, in turn, con¬ 
firmed Lund’s report on the localization of the bright points of light at 
the bifurcations of the tracheoles, and on the fact that they fire repetitively 
and asynchronously. This rapid, irregular, scintillating or “spinthari¬ 
scope” type of local luminescence has also been obsen^ed by Wood (*1939) 
in a firefly poisoned by a spider,* and by Kastle and McDermott (1910) 
and Alexander following a variety of treatments, of w^hich strychnine 
injection w’as most effective. In addition, I have seen it following dis¬ 
tilled water injections and cyanide vapor. Besides the glowing rings and 
sparkling points, “phosphorescent clouds” w’hich sw’eep across the organ 
in waves have been described (Emery, Kastle and McDermott, Lund). 
According to Lund, they originate deep in the tissue. 

The observations just described were used by Lund to support his 
claim concerning the enzymatic activity of the periphery’ of the tracheole, 
which has already been mentioned, and by Emery to further his idea that 
the photogenic material “secreted” in the light cells is transported to 

* Steche (1908) observed normal intermittent fiasbinsr in a firefly apparently paralyzed by 
spider bite. 
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and burned at or in the end-cells. It should be kept firmly in mind, 
however, that no details of any kind can be made out in an organ which 
is flashing, or even exhibiting a bright glow, and that the conditions 
under which the luminous rings, scintillations, and cloudy waves are seen 
are distinctly abnormal. Moreover, it must be remembered that none 
of the findings have any necessary relevance for organs of Ty^pes 2 and 3, 
where end-cells and cylinders are lacking. 

In contrast to light organs which contain end-cells, the organs of 
T}pes 2 and 3 show" only a uniform and structureless glow. Dahlgren 
and others have pointed this out as characteristic of Pywphorus, '‘the 
lar\"ae of all Lampyrids”, “the females of Lampiorhiza splendidula and 
all species of Phengodes^\ From personal observation, I can confirm 
Dahlgren’s statement on Pyrophorus and the larva of Photuris pennsyU 
vanica, I would expect the statement about Lamprorhiza splendidula 
to apply only to the lateral tuberculate organs. In Phengodes^ I have 
described the light as coming from minute separate spots corresponding 
in number, size, and position to the huge oenocyte-like cells seen in 
histological preparations (figxjre 15; Buck, 1946a). 

The theories of Schultze and of Emery, which gave the end-cell a 
primary role in photogeny, were based on two observations: the presence 
of points of light in the general region of the end-cells in the living light 
organ, and the affinity of the end-cells for osmic acid vapor. They also 
involved the assumption that a high reducing powder for osmium indicates 
a high aflBnity for oxygen. We have already seen that Lund denied that 
the end-cells actually luminesce, and that several w’orkers have described 
the spread of luminescence throughout the photogenic cytoplasm. 
Nevertheless, observations on the living organ are not precise enough to 
rule out the possibility that the end-cells, or other inter-cylinder material, 
may light in addition to the photogenic cells. This is particularly relevant 
since so many reports speak of the luminescence beginning at the edge 
of the cylinder and since Lund himself admitted that the end-cells are 
often situated in Kttle bays hollowed into the photogenic cytoplasm. The 
point about the site of reduction of osmium, which Emery regards as 
the ^^experimentum crucis/^ and which Lund also uses to bolster up his 
theory of the enzymatic activity of the tracheolar wall, has been dealt 
with on page 409. The particularly heavy deposit does not necessarily 
prove that there is an\"thing unique about the end-cell, but merely that 
it stands at the first spot permeable enough to allow the vapor to escape. 
The slight penetration into the tracheoles w"ould then be caused by the 
osmium being reduced as fast as it arrives at their proximal ends. 
Wielowiejski has argued, in addition, that a high affinity for ox}"gen 
does not necessarily identify the site of photogeny, and has' made the 
interesting suggestion that the end-cell acts in a manner analogous to 
the red blood cell and “stores” oxygen. ^Vielowiejski’s and Emery’s 
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theories thus each provide that material^ freed in the photogenic cells by 
nerve stimulation (the control), moves toward the end-cell, by a method 
not elaborated, and luminesces near it because the highest concentration 
of oxygen is found there. However, no evidence exists to show that any 
oxygen carrier is present in or around the end-cell, and in any event its 
activity would be an effect, rather than a cause, of luminescence, 

Tracheolar Properties of Interest in Regard to Control of 
Luminescence. Creighton injected adrenalin into Photuris pennsyl- 
vanica and observed a bright glow. This, as we have seen, is the usual 
response to dozens of agents. On the basis of histological studies, he 
claimed that the adrenalin effect was not hormonal but \vas due to con¬ 
traction of muscle fibers in the tracheal end-cell which enlarged the 
part of the tracheole within the end-cell, as postulated by Dahlgren. 
However, according to a personal communication cited by Alexander, it 
appears that Creighton’s preparations showed a dilation not of the end¬ 
cell lumen but of the whole tracheole. We have, then, the possibility’ that 
luminescence may be controlled by an active or passive dilation and 
constriction of the tracheole, such as Gerretsen suggested as an alternative 
to end-cell activity. 

Many have regarded the fact that the tracheoles do not dissolve in 
caustic solutions as proof that they are composed of chitin, although this 
has not been confirmed by more specific tests. If the walls of the 
tracheoles were composed purely of chitin, they would be unlikely to be 
very dilatable. However, as Richards (1947) has pointed out, protein 
often bulks large in cuticle and could satisfy most conditions for 
extensibility. It would be desirable to have better evidence of the chemical 
composition of the tracheoles, but color tests would not be conclusive, in 
my opinion, because of the dfficulty in getting a strong enough color in a 
structure as thin as the tracheolar membrane. For many years, the absence 
of visible spiral thickenings in the walls of the tracheoles was regarded as 
strong evidence that they differ from the ordinary larger tracheae. 
However, Richards and Anderson (1942) have shown by electron 
microscopy that honeybee tracheoles have spiral thickenings at least down 
to a diameter of 0.2 micron. The presence of thickenings in a tracheole 
might reduce the extensibility of the wall, but would not prevent 
tracheol collapse, as Richards and Anderson have shown.* Howwer, 
if Creighton’s finding of tracheoles dilated by adrenalin is accepted, it 
indicates that the chitin content is low. 

There is an opinion that tracheoles must differ in composition from 
tracheae because they are permeable to gases and liquids. This idea 
probably stems from Krogh’s (1919) evidence that the diffusion rate of 
oxygen through chitin is only about one-thirtieth of that through water, 

* References to additional literature on tracheoles will be found in Winrlesworth (1931 
and 1989), and Richards & Anderson. 
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and about one-tenth of that through tissue. However, if it is recalled that 
the membrane of the tracheole is only between 0.005 and 0.01 micron thick 
(Richards and Anderson), it will be seen that simple transfer could go 
on readily even through chitin. Wigglesworth (1930) and others have, in 
fact, shown that tracheae are freely permeable to oxygen and nitrogen. 

Hoskins (1940) has called attention to one possibly valid distinction 
between tracheae and tracheoles, which is that the former are as a rule 
distinctly hydrophobic, whereas the latter are often strongly hydrophilic. 
Even here, some confusion exists, since it has been reported that the 
tracheae are hydrophilic in newly moulted insects (Wigglesworth, 1938b) 
and, conversely, that oil which enters the tracheae eventually penetrates 
into the tracheoles (Hoskins). 

It is almost universally held, either explicitly or implicitly, that the 
principal function of the tracheoles in the light organ is to conduct 
oxygen to the photogenic cells. It should be emphasized that, however 
reasonable this view may appear, it is only an assumption. Moreover, 
there has not even been a serious attempt to define, theoretically, the 
conditions under which oxygen conduction might take place. Among 
the more obvious items of needed information are data on whether 
transport occurs by diffusion or by flow, and whether the tracheoles 
contain air or liquid. A further discussion of theoretical aspects of these 
questions will be found in the section on end-cell physiology. For the 
present, we can conclude only that, if transport is by diffusion, the 
tracheole loses most of its meaning if it is assumed to be filled with 
liquid, because the diffusion of oxygen down a column of water is no 
faster than it w’ould be in free water, and only about three times as fast 
as through dense connective tissue (Krogh). Only by containing air, 
in which oxygen diffuses thousands of times as fast as through water, 
could a tube confer any advantage in supplying oxygen. To be sure, 
if the tracheole were absolutely impermeable to oxygen for some of its 
length, access of ox)^gen to parts of the photogenic cytoplasm could be 
prevented or delayed even if the tracheole were liquid-filled, but it is 
hard to see what advantage would be conferred thereby and, moreover, 
we have already seen that impermeability to ox>’gen is extremely unlikely. 

Another possibly significant point is Wigglesworth’s (1930) obseiv^ation 
that air bubbles, trapped between two columns of oil advancing toward 
each other in a trachea, are completely squeezed into solution, in the 
hemolymph or tissue surrounding the trachea, by the surface tension of 
the oil. I have seen the same thing happen in dipteran larvae unmersed 
in kerosene. An astonishing feature of the process is its speed. The 
factors involved are too complex to permit one to say off-hand whether the 
same phenomenon would occur in tubules of the dimensions and structure 
of tracheoles, or, if so, whether it would be rapid enough to meet the 
requirements of photogenic control. Howwer, the principle should be 
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kept in mind as a possible method of forcing oxygen into cells. If, 
for example, the tracheal end-cells were to “close”, and if water moved 
up the tracheole proximally, it might drive some of the contained air 
into the photogenic tissue. This would be the reverse of the theoiy^ of 
osmotic control of luminescence to be discussed in a later section. 

The Nervous System and Luminescence. A connection between 
the nervous system and luminescence has long been accepted by most 
investigators, on the basis of the anatomical evidence already discussed 
and because of a variety of experimental work. It was showm veiy^ early 
that decapitation, or cord section anterior to the organ, results in imme¬ 
diate cessation of voluntary flashing or glowing, though a dim constant 
luminescence may persist, or reappear some time later (Macaire, 1821; 
Peters, 1841; Verwom, 1892; Dubois; Prowazek, 1908; Lund, 'Williams). 
Likewise, luminescence is initiated or increased by stimulating the nen^e 
cord* mechanically {e.g,^ Heller, 1853; Venvorn), or electrically (Macart¬ 
ney, 1810; Macaire; Todd, 1826; Joseph, 1854; KoUiker; Owsjannikow, 
1868; Bellesme; Heinemann, 1886; Dubois; Fuchs, 1891; Steinach, 1908; 
Lund, Gerretsen, Perkins, 1931; Snell, 1932; Brown and I^g, Alexander), 
even after section proximal to the point of stimulation.! Direct electrical 
stimulation of the photogenic tissue likewise causes lighting. Nervous 
influence is also suggested by numerous observations that anesthesia 
suppresses voluntary control of luminescence,! and by the apparently 
stimulating effects of spider venom (Wood), various neurotoxins (Kuhnt), 
and DDT (page 75). In all these instances, however, direct action of the 
agent on the photogenic tissue, or on the tracheal system, cannot be 
excluded. 

In contrast to the above work, Owsjannikow observed no diminution 
of light in isolated organs after hours’ soaking in curare and 
strychnine, and concluded that the nervous system is not involved in 
luminescence. Bongardt repeated this experiment, using the entire 
animal, and reported no effect in 12 hours. Aside from the questions 
of penetration and of whether vertebrate poisons would be expected to 
act on insects (raised also by Bongardt), this conclusion involves a t>pe 
of non-sequitur encountered frequently in the older work, and well illus¬ 
trated also by Bongardt’s argument that fireflies cannot stop their light 
suddenly, because dead ones continue to glow for 10 to 20 days. 
Owsjannikow and Bongardt thus failed to see that what happens in the 
injured or dead animal may be entirely irrelevant to the question of 
whether the nervous system, or anything else, permits voluntary^ control 
of luminescence in the normal living animal. 

* Because of the minute dimensions involved, it in extremdy likely that simnltaneons stimnla* 
tion of other tissues near the operated region was not excluded, particularly in the earlier 
work. 

t Some of these papers report considerably more than the bare observation. They are inter¬ 
esting from the standpoint of comparative dectrophysiology. 

t However, luminescence itsdf may persist for long periods under conditions where volun- 
ta^ neuro-muscular activity is suppr^sed or abolished entirely. 
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Harvey’s (1931) photocell-string galvanometer records on the glowing 
of Pyrophorus^ which have already been discussed, indicate that the light 
is under nervous control, particularly as Harvey w^as careful to exclude 
respiratory* and pulse movements. A better test could be made by record¬ 
ing simultaneously the action potential pattern of the ventral nerve cord, 
and the luminescence, particularly if done on several species with differ¬ 
ing flash patterns. It may be of interest here to mention some other 
potentials associated ^vith luminescence, though not necessarily with the 
ner\"ous system. Many years ago, Kolliker obtained some “not quite 
constant” e\ddence that lighting fireflies deflect a “multiplier” (galvanom¬ 
eter) more than do non-luminescent ones. In view of Kolliker’s primi¬ 
tive apparatus, his report does not call for extensive consideration. 
Recently, however, Hasama has reported that, in a number of Korean 
species, the light organ itself produces a monophasic action potential 
during activity. The luminous segments are electronegative to the non- 
luminous. In the larva, the potential pattern is continuous, and syn¬ 
chronous with light emission. In the adult, it exhibits rhythmic or cyclic 
fluctations, the frequency of which corresponds satisfactorily with that 
of the pulsing of the light in Pyrocoelia rufa (13 per minute), but poorly 
in Luciola lateralis (48 per minute for the potential, 60 per minute 
minimum for the light). With the electrodes on two non-luminous 
segments, instead of on one luminous and one non-luminous, no potential 
difference w^as detected, thus indicating that muscle potentials, etc., are 
not involved. 

A number of further lines of evidence indicate indirectly that the 
nervous system is concerned with the control of luminescence. For 
example, the rigid characteristic species flash-patterns already referred 
to, as well as the inherent diurnal rhythm of luminescent activity* 
(Allard, 1931; Perkins; Rau, 1932; Buck, 1937a), point to the existence 
of at least an involuntary center of nervous control. Indeed, Verwom, 
some sixty years ago, postulated in detail that normal luminescence is 
under absolute control of an automatic nervous center in one of the two 
most anterior ganglia of the cord. Though similar hypotheses have since 
been used by several writers in attempting to explain synchronous flashing 
(see Buck, 1938), work on the mating signals shows that a high degree 
of voluntary control can also be exercised. Briefly, these signal systems 
enable the female of one species, or an artificial light operated in a 
specific way, to attract males of the same species without attracting males 
of another species. Conversely, males of a given species signal only to a 
female of the same species (or to a properly operated artificial light) and 
ignore other males of their own species, both males and females of other 
species, and all improperly executed artificial signals. In Photinus pyralis, 

* This periodicity may play an important and unsuspected part in certain experiments, since 
Maloenf (19381 and Alexander have claimed that it influences reactions as basic as the appear¬ 
ance of luminescence in higrh partial pressures of oxygen. 
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I have shown that the ability of the male to recognize the female depends 
on the fact that she always replies to his flash after a particular time 
interval (Buck, 1937b). 

The fact of nervous influence, however, does not solve the problem 
of the control of luminescence, since the effect could either be direct 
stimulation of the photogenic cells), or indirect {e.g., stimulation 
of the end-cells; oxygen regulation). On this question there is no dearth 
of opinions, pro and con, but valid empirical evidence has proved to be 
extraordinarily hard to obtain. 

Evidence that oxygen regulation is the primary factor in control of 
luminescence is, of course, opposed to the idea of ^rect nervous stimula¬ 
tion of the photogenic cells. This evidence will be analyzed later in 
detail (page 441), but it may be said here that it is insufficient to exclude 
the possibility of direct nervous control. 

Heinemann (1886) reported that electrical stimulation of nerves an¬ 
terior to the abdominal photogenic organ of Pyrophorus, after all other 
tissues of the trunk had been transected, did not induce luminescence. 
From this he concluded that the nerves act by way of some intermediate 
tissue. However, since it was a negative type of experiment, and since 
Limd, in repeating it, obtained precisely the opposite result, it cannot 
be regarded as decisive. It is also difficult to reconcile with numerous 
reports of luminescence obtained by electrical stimulation of isolated 
abdomens of lampyrids, and with the experiments of Fuchs on localized 
stimulation of the photogenic organs and nerves of Pyrophorus. 

Considerable evidence has been adduced in favor of direct nerve action. 
Lund’s transection experiment has already been mentioned. However, 
Lund’s acceptance, on the basis of this and other work, of “primary 
control of the organ ... by nerves in direct connection with the photo¬ 
genic tissue” is greatly weakened by a number of apparent contradictions 
in his presentation. For one thing, it appears that, in spite of derndng 
oxygen a main role in control, he actually considered the end-cell to be 
of prime importance. For another, he emphasized the w^ell-known fact 
that the photogenic tissue itself “is irritable and responds locally to me¬ 
chanical stimuli”, overlooking the probability that such disturbances also 
facilitate access of oxygen. Steinach, using induction shocks applied 
directly to the photogenic organs of decapitated specimens of Lampyris, 
claimed to have demonstrated summation of subliminal stimuli for lu¬ 
minescence. He attributed the summation to a direct effect of the nerves 
on synthesis of substrate for luminescence, and rejected the alternative 
idea of simple neural summation, although his reasons for so doing are 
unconvincing. Bellesme also supported direct nervous stimulation of 
synthesis on the basis of an experiment in which he found that fireflies 
cut open in air luminesced sooner, if they had first been “stimulated” 
electrically in the absence of oxygen, than if they had not. However, 
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aside from the imavoidable variations in manipulation, the temporal varia¬ 
bility in responses of fireflies under such conditions is ordinarily so large 
that a conclusion cannot be accepted until verified on a considerable 
number of specimens. Moreover, no allowance was made for the prob¬ 
able effects of the anoxia upon the nerves. Additional details concerning 
the work of Steinach and Bellesme will be found on pages 438 and 441. 
Work of Snell bearing on the same problem is considered on pages 442 
and 443. 

Perhaps the strongest evidence of direct nervous control of luminescence 
is furnished by the numerous experiments on electrical stimulation of 
PyrophoTus and of flrefly larvae. Here, the flnding of increased intensity 
of luminescence with increased intensity of stimulus is less easy to attribute 
to ox>’gen control, since these forms lack end-cells. 

The problem of direct versus indirect nervous control of luminescence 
is thus unsolved, although there is much evidence in favor of the former 
alternative. Unfortunately, the effects of oxygen and nerve action seem 
inseparable, experimentally. Under abnormal laboratory conditions, it is 
clear that nerves are not essential for luminescence, since fireflies will 
glow imder a variety of conditions incompatible with nerve action, or even 
with life, if oxygen is present. Nevertheless, as we shall see, there is no 
conclusive evidence that oxygen is ever limiting in normal flashing, and 
there are many indications that control is much more circuitous than by 
direct regulation of oxygen access to the photogenic tissue. A number of 
hypothetical mechanisms of intracellular control, such as might be set off 
by direct nen’ous stimulation, are discussed on pages 434 to 436. More¬ 
over, it should be kept in mind that the fact that the experiments discussed 
are inconclusive, does not disprove direct nerve action. The interpre¬ 
tation of Bellesme and Steinach may yet turn out to be correct, even 
though it does not necessarily follow from their experiments. 

THE CONTROL OF LUMINESCENCE 

Historical. Before entering on the detailed discussion of modem w^ork 
and theories on control of luminescence, it may be interesting to consider, 
briefly, a few of the older theories proposed during the long history of the 
study of fireflies, and now abandoned. Perhaps the oldest and most per¬ 
sistent idea was that luminescence is controlled in some way by “respira¬ 
tion”, by which apparently w^as meant that the muscular respiratory 
movements pumped air into the photogenic organ (Joseph, 1854; 
Faraday, 1814; Carrara, 1836; Siebold, 1848; Leydig, 1857; Seaman; 
Heinemann, 1886; Watase). Several of these observers maintained that 
the breathing movements are synchronous with light-emission. However, 
breathing movements could hardly be the only control, unless the light 
pulsated day and night or the insect stopped breathing by day, neither 
of which alternatives seems likely. Elaborations on the idea were pro- 
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posed by Carrara, who claimed to have found an air tube leading from 
the mouth to an abdominal bellows or vesicle; by Heinemann (1886), 
who envisaged the abdominal musculature as pumping air through the 
“hiatuses” in the photogenic layer of Pyrophorus; and by Seaman, who 
suggested that the spiracles were first closed and air was then forced into 
the organ by abdominal contraction. A serious stumbling block for these 
theories is the fact that most modem workers have been unable to observe 
any visible muscular movements coinciding with luminescence (Lund: 
Harvey, 1931; Hasama, 1942a). Likewise, Heinemann’s theory has little 
support, since Geipel has shown that the musculature of Pyrophorus is in 
no way different from that of non-luminous elaterids, and since, as previ¬ 
ously stated, the existence of the spaces in the photogenic layer is very 
dubious. The same objections apply to Dubois’ theor}^, according to 
w^hich not air but blood was supposed to be percolated through the photo¬ 
genic organ of Pyrophorus, The circulator^’ system was also implicated 
by Cams, who maintained that the rhythm of luminescence corresponded 
to the pulse, and by Tozzetti, who suggested that the tracheoles carried 
part of the blood. 

Another theory was to the effect that the light-emission was controlled 
by withdrawing the light organ into the interior of the abdomen, where 
it was concealed by other viscera (Carradori, 1797; Muller, 1805; 
Owsjannikow, 1864). 

Deductions from Kinetics Analysis. By high-speed recording. 
Brown and King, Snell and Alexander obtained time-intensity curves of 
the flashing of Photuris pennsylvanica and Photinus pyralis. Snell pointed 
out that the form of these curves is determined by three variables: the 
number of photogenic units active, the degree of acti\ity of each unit, 
and the degree to which each unit is stimulated. 

If these curves represented the response of a single photogenic unit, or 
the simultaneous responses of all the photogenic units in the light-organ, 
their analysis could reveal valuable information on the luminescent reac¬ 
tion and its control mechanism. From the form of the accretion and 
decay phases, it might be possible to deduce, for example, the number of 
reactants involved in the rate-determining reaction and the number of 
units active; and to ascertain whether diffusion or “phase-boundary re¬ 
moval” (see page 436) brings the reactants together; whether or not the 
unit response is of the all-or-none type; whether the control mechanism 
“opens” by relaxation or contraction; etc. Brown and King, in fact, 
suggested a relation betw’een the supposed logarithmic form of the decay 
phase of the flashing curve, and the similarly logarithmic form of the 
decay phase of the luciferin-luciferase reaction {Cypridina) in vitro. 
According to Snell, how^ever, a logarithmic form is the exception rather 
than the rule. Snell found the durations of normal flashes very constant, 
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the intensities highly variable, and even the reaction velocities (slope of 
decay phase) different. 

The two segments of the luminous organ of the male of Photinus pyralis 
contain about 6,000 cylinders, each of which encloses a minimum of 80 to 
100 end-cells, which, in turn, give off twice that many tracheoles. The 
tracheoles supply an estimated total of 15,000 photogenic cells, each of 
which is in contact with two cylinders (figures 13 and 31). In studying 
the glows produced by various agents, I have noticed many times that 
single cylinders may light as individual units—^that is to say, the surface 
of the organ may show minute isolated “doughnuts” of light which glow 
on and off independently. ^Ve must allow, then, for at least 6,000 photo¬ 
genic units. If we accept Lund’s and Alexander’s claims that the end-cell 
(region) can flash independently of the photogenic cells, as in “scintilla¬ 
tion.” the number must be increased to something like 600,000. In either 
case, there is a strong likelihood that the time-intensity curve for the flash 
of the whole organ represents not the result of an absolutely synchronous 
firing of all the units, but the statistical result of the firing of units slightly 
out of phase. This is supported by the suggestive resemblance of the time- 
intensity curve to the normal-distribution curve. If the curve is indeed a 
statistical one, we can draw the very important conclusion that the dura¬ 
tion of the luminescence produced by a single photogenic unit must be 
far less than the 0.15 second average for the mass flash. We have no way 
of knowing what the duration of the flash of the individual luminescent 
unit (as distinguished from its glow) may be, but it can hardly be more 
than one-tenth of that of the collective flash. The importance of this 
inference is that it imposes much more severe conditions upon the control 
mechanism. We now require a mechanism capable of producing isolated 
flashes of light with durations of the order of 0.01 second, or less. The 
same conclusion is indicated by the observations previously reported on 
the repetitive or oscillating types of flash seen in some Jamaican fireflies 
and in Photuris pennsylvanica in the field, although, here, there remains 
the possibility that the coruscations could be produced by groups of units 
firing successively in relays. 

Mechanisms of Intracellular Control. We have seen that there is 
no agreement on w^hether flashing is controlled primarily by the 
nervous system or by the oxygen supply system. There is also no agree¬ 
ment on w’hether these two systems operate directly, Le., on the photogenic 
cell, or indirectly, i,e.^ on each other. It is therefore appropriate to con- 
ader what general types of mechanism within the photogenic cell might 
be available as a basis for assumed “direct” effects of nervous or oxygen 
stimulation. 

The protozoan Noctiluca is described (Quatrefages, 1850; review in 
Harvey, 1940) as emitting a bright fla^, consisting of the momen¬ 
tary lighting of a multitude of tiny sparks scattered through the proto- 
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plasm, each representing a granule of photogenic material. The flash 
is not repetitive or voluntary, in the sense of being initiated internally, 
but is a direct response to some environmental stimulus (osmotic, thermal, 
chemical, mechanical, etc.). The synchronous lighting of the cytoplasmic 
granules during the flash is presumably attributable to the fact that the 
stimulus reaches the cell through the ambient water and, hence, almost 
simultaneously at all points on the surface. The bare essentials for con¬ 
trolled luminescence thus seem to be, first, the presence of a chemilumines¬ 
cent system in the cytoplasm; second, a source of the necessary raw ma¬ 
terials (here obtained from the surrounding sea water); and, third, a 
stimulus which will set off the intracellular reaction. 

Harvey (1940) has pointed to the fact that a single cell like Noctiluca 
can flash as shovving that complicated physiological mechanisms, such as 
those in the firefly, are not necessary for the control of luminescence. He 
thus regards the response of Noctiluca as quite similar to the responses of 
other cells muscle) to direct stimulation, and implies that the re¬ 
sponse of an individual photogenic cell of the firefly need not, intrinsically, 
be any more complex. According to Harvey’s \4ew, therefore, the nerv’ous 
system would correspond to the environmental changes which stimulate 
Noctiluca, and, in the firefly, would represent the anatomical and physio¬ 
logical answer to the problem of controlling the responses of thousands of 
Noctiluca-]Lkt photogenic units. The tracheal system, likewise, would 
stand in the same relation to the photogenic tissue as the sea-water to 
Noctiluca, and would be an arrangement for attaining, throughout a 
massive tissue deep within a body, conditions of aqueous diffusion of 
oxygen comparable to those of a free cell suspended in aerated sea-w’ater. 
We may, therefore, think of Noctiluca and the photogenic cell of the firefly 
as presumably equivalent in regard to their intracellular control 
mechanisms. 

Before considering possible intracellular controls, however, it is w^ell 
to emphasize that the nervous and tracheal systems of the firefly, sub¬ 
sidiary though they may be, have important influences on luminescence. 
They are, therefore, as much a part of the control problem as the intra¬ 
cellular activities, and can be investigated independently of the latter. 

A number of intracellular control mechanisms have been proposed, 
all on largely speculative bases. Perhaps the simplest of these, w’hich may 
be called the “reactant limitation hypothesis”, postulates that luminescence 
is controlled by limiting one of the four fundamental components of the 
luminescent reaction. With respect to ox\'gen, this hypothesis is equivalent 
to direct external regulation, but in regard to the other ihree essential 
reactants, even our very limited knowledge of the chemistiy' and enzy- 
molog>^ of luminescence is sufficient to suggest various intracellular proc¬ 
esses which might limit light-emission. Various reports indicating control 
bv substrate svnthesis, or storage and release, are considered on pages 
437 to 440. 
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A second intracellular control mechanism has been proposed by Harvey 
on several occasions, and may be called the phase-boundary hypothesis. 
This hypothesis provides that all the essential reactants are present in 
the cell at the same time, but are prevented from reacting with each other 
by phase-boundaries. When these boundaries break down, as might occur 
as a result of nervous stimulation of the cell, the reactants can come 
together and produce light. Phase-boundary phenomena are well known 
in physical chemistry, and there are a few suggestive physiological and 
biochemical analogues, but we are still far from having a clear idea of 
how potential reactants are segregated from each other in the living cell. 
In fact, phase-boundary changes may only be some subtle form of reactant 
limitation. A single test of the phase-boundary hypothesis has been made 
on fireflies, but, as described on pages 442 and ^3, the results were not 
conclusive. The similarly inconclusive experiments of Bellesme and 
Steinach on direct nerve action (pages 432 and 437) can also be inter¬ 
preted as consistent with phase-boundary control. For the present, how¬ 
ever, the concept must be considered simply as a theory, albeit a reasonable 
and stimulating one. 

A third hypothetical intracellular control mechanism is one which 
makes use of a possible competition for oxygen between respiration and 
luminescence. This hypothesis, which has a number of variants, and 
which has not been tested experimentally, will be discussed on page 448. 

None of the above discussion of intracellular mechanisms bears on the 
validity of the commonly held view that nervous control is direct and the 
tracheal system merely a means for ensuring that adequate oxygen is 
always available for luminescence. We shall be able to judge this better 
after having considered the evidence on oxygen limitation. 

In conclusion, on a priori grounds it appears that intracellular control 
mechanisms would have a considerable advantage over external control 
mechanisms {e,g,, tracheoles or end-cells) in regard to speed of action. 
This might be crucial in the control of high-frequency light-emissions, 
such as are seen in the coruscating types of flashing. On the other hand, 
by making the control of luminous intensity more or less independent of 
changes in external oxygen tension, doubt is cast on the generally accepted 
significance of certain anatomical features of the photogenic organ, 
particularly the end-cell. 

Water as a Possible limiting Factor in the Control of Lumines¬ 
cence. Some of the earliest experiments demonstrated that if a firefly or 
an extirpated organ is quickly and thoroughly dried, it can be preserved 
in a non-luminescent state for long periods and will glow again when 
moistened (Spallanzani, Carradori, Macaire, Kolliker, Cams; Owsjanni- 
kow, 1868; Dubois, Bongardt, Kastle and McDermott; Hasama, 1942a). 
However, it seems extremely unlikely that water lack is ever a direct 
factor in controlling light-emission in the living animal, since this would 
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appear to demand a high-frequency cycKc dehydration and rehydration 
of the photogenic cells^ and since luminescence continues for a consider¬ 
able time in minced organs^ where dehydration must be severe. This, 
then, is a good example of a method of limiting the luminescent reaction 
in vitro (or at least in the absence of living protoplasm) which is not 
involved in the normal control of photogeny. 

Liiciferin and Luciferase as Possible Limiting Factors in the 
Control of Luminescence. In discussing various theories of photogenic 
control by limitation of reactants, it should be understood that the terms, 
photogenic material^ or substrate^ could refer either to luciferin or luci¬ 
ferase, since there is no evidence which points specifically to either. 

If either luciferin or luciferase were not in the luminous organ, the 
problem of control could be simplified. It was, in fact, a convenient 
feature of Dubois’ control theory that the luciferase was brought to the 
organ by the blood which circulated through the interstices of die photo¬ 
genic layer and there met the luciferin. In all modem speculations on 
luminescence control, however, it has tacitly been assumed that these 
two reactants are formed in the photogenic layer and remain there, and 
that control is therefore a cellular problem. Moreover, most writers have 
assumed that photogenic materials are usually stored in the photogenic 
organ in excess, and that synthesis of substrate has no role in rapid 
control of luminescence. This view is based on the aforementioned 
observations that dead, minced, or even dried and remoistened fireflies 
or organs will glow for many hours. Since, however, the enzyme luci¬ 
ferase seems to survive even drying, there is no a priori reason why syn¬ 
thetic or other enzymatic methods of releasing substrate might not also 
survive. 

In considering luciferin or luciferase as a possible limiting factor in 
luminescence, it is necessary to distinguish clearly, as Bellesme and Ger- 
retsen have done, between the reactions which form the luminous ma¬ 
terial and those in which luminescence takes place. This distinction has 
often been overlooked. It is also necessary to differentiate carefully be¬ 
tween mechanisms which operate to keep luciferase or luciferin separated 
(both being present) and Aose which limit the rate of formation of one 
or the other. The phase-boundary control mechanism, based on the 
former h^’pothesis, has already been discussed (p. 432). The latter hy¬ 
pothesis, according to which the rate of synthesis of “photogenic material” 
in the photogenic cells may become limiting, has also been debated, 
though not always in a clearly defined form. Steinach made implicit use 
of the hypothesis when he reported that stronger electrical stimulation 
produces a stronger light because more “light-stufP* is formed. Bellesme 
supported the same hypothesis explicitly when he postulated that the 
photogenic cells secrete a gaseous product (phosphine!) which lights as 
soon as it comes in contact with air. On the basis of the rather dubious 
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claim that a thoroughly crushed glowworm does not glow (when it ought 
to, since its interior is exposed to air), Bellesme postulated, in addition, 
that no lighting material is stored in reserve. In further support of this, 
he reported that there was a latent period between stimulus of the animal 
and the beginning of luminescence, and that this decreased if the firefly 
was first stimulated electrically in the absence of oxygen, so as to build 
up a store of luminous material. Delay might very well be seen in glow¬ 
ing forms, where the build-up of luminescence is slow, but, as we shall 
see, it is more likely to have another explanation. Additional details of, 
and objections to, the experiments of Steinach and Bellesme have been 
presented on page 432. 

The inference that storage is shown by the fact that a firefly induced 
to flash for prolonged periods eventually becomes unable to luminesce, 
is too fallacious for extended consideration. 

The question of storage of photogenic material was also considered by 
Wielowiejski and Bongardt, though in a very circuitous fashion. 
Wielowdejski opposed the idea of storage of substrate on the grounds 
that otherwise it would be impossible to explain how fireflies are able to 
extinguish their light volimtarily. This idea was based on Wielowiejski’s 
convictions that neither end-cells nor oxygen are directly concerned with 
the control of luminescence, and that it is inconceivable that the nervous 
system could affect cellular oxidations directly. To these assumptions 
Wielowiejski added the very dubious argument that the reason why an 
isolated organ can glow for a long time is that excess photogenic material 
is formed during the act of extirpation. Bongardt advanced w^hat seems 
to be the diametrically opposed argument that photogenic material must 
be stored in excess, because fireflies are not able to extinguish their light 
suddenly. It appears, however, that both these workers had vaguely 
in mind the concept that luminescence continues as long as stored sub¬ 
strate remains, but that they differed in their ideas of how long 
luminescence continued and how quickly it could be terminated. Their 
accounts are further confused by failure to distinguish the luminescence 
of dead fireflies from that under normal control, and by the fact that 
their evidence against oxygen as a controlling factor is very equivocal. 

Gerretsen’s views on reactant limitation suffer from the same sort of 
ambiguous duality, since he assumed control by the end-cell (oxygen 
limitation) but, at the same time, postulated that stimulation produces a 
substance which emits light when it comes in contact with oxygen 
(control by substrate synthesis). However, Gerretsen did elaborate on 
the relation between synthesis and luminescence, in postulating, by 
analogy with Harvey’s early chemical work, that the “oxidized light 
material” was reduced during the dark period between flashes and thus 
became ready for luminescence again. This idea had no experimental 
support until very recently, when Alexander, on the basis of his work on 
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the effects of high ox}^gen tensions, postulated that luciferin ‘'is steadily 
accumulating in a potentially reactive state within the photogenic cells 
between flashes”, and that under circumstances when oxygen ceases to 
be limiting (i.e., is present in excess), “the rate of luciferin release . . . 
becomes the critical factor for luminescence.” Alexander, however, con¬ 
sidered luciferin release of importance only in the hyperoxic glow and 
not in the control of flashing. He w’as unable to define precisely what 
should be understood by “luciferin accumulation” and “luciferin release.” 
If either process involved synthesis, it would be hard to reconcile with 
continuing luminescence after death. On the other hand, if “release” 
were to mean a sort of reduction*, depol>’merization, or hydrolysis of 
stored reserve, Alexander’s results might be useful in interpreting long- 
sustained luminescences. It would, of course, have to be assumed that 
the “release” could continue in fireflies dried and remoistened, and that 
sufficient luciferin could “accumulate” prior to death to last the required 
time. 

Space does not permit a detailed analysis of the data from which 
Alexander drew his conclusion. There were, however, a number of lines 
of evidence which fitted together consistently. On the other hand, to deal 
with the control of ordinary^ flashes and glows, Alexander adopted intact 
the end-cell theory of Dahlgren, which ^^ill be discussed later. It is, 
therefore, a possible weakness in Alexander’s work that two entirely 
different mechanisms have to be invoked to account for all the lumines¬ 
cent phenomena observable in the firefly. All of Alexander’s data, 
moreover, can be explained consistently by the modified mechanical end¬ 
cell theory which I shall present in the last section of this paper. Again, 
space does not permit a point-by-point comparison of the two schemes 
at this time. In any case, no final decision could be reached as to their 
respective merits, since both fit the available evidence satisfactorily. 
How’ever, I consider it an advantage of the mechanical end-cell theon^ 
that it explains both normal flashing and glowing, and also the various 
abnormal U’pes of luminescence. 

In summary, then, there are tsvo views in regard to the possibility that 
luciferin (or luciferase) could be the limiting factor in the control of 
luminescence. By far the most popular view is that a large excess of 
stored material is always present in the photogenic organ. This is 
supported by the common observation of long sustained luminescences, 
particularly in dead animals. The other view is that the substrate for 
luminescence is being synthesized constantly, and that there is never 
enough of it on hand for more than one flash. As we have seen, the 
evidence for this view, in the form stated, is not strong. If, on the other 
hand, the limitation is thought of in terms of luciferin release^ as suggested 


* See remarks at the end of the section on the reflector layer (page 40S). 
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by Alexander, rather than luciferin synthesis, there is a possibility of 
reconciling the two views, in the sense that stored reserves could exist. 
It should be kept in mind, however, that it would still be necessary to 
exclude the possibility of oxygen limitation, and to show that luciferin 
accumulation (synthesis) and release could explain all normal lumines¬ 
cent phenomena. 

Oxygen as a Possible Limiting Factor in the Control of Lumines¬ 
cence.* Although depriving fireflies of oxygen in various ways has been 
perhaps the most popular single experiment on bioluminescence, the 
instances are rare when this has been performed or described with 
sufficient precision to be of much value. To the familiar difficulties of 
failure to distinguish abnormal from normal luminescence, and effects 
on control systems from effects on luminescence per se, there has been 
added the failure to use strictly oxygen-free gases and leak-proof exposure 
chambers. In addition, sufficient attention often has not been paid to 
the facts that many common fireflies rarely flash or glow spontaneously 
in captivity, and that practically all fireflies arc normally non-luminous 
by day (many observers) and in bright light (Buck, 1937a, and others). 
Hence, extinction of light in a given gas, or failure to luminesce, is not in 
itself necessarily proof that luminescence cannot occur in that gas. 

In spite of these experimental deficiencies, there is no possible doubt 
that oxygen has a profound role in photogeny in fireflies. Luminescence 
has been reported to be reversibly extinguished (eventually), or not to 
develop, in pure N 2 , H 2 , or GO 2 (Forster, 1783; Spallanzani; Grotthuss, 
1807; Macaire; Matteucci, 1843; Joseph; Owsjannikow, 1864; Bellesme, 
Dubois, Watase, Bongardt, Townsend, Shafer, 1911; Kastle and 
McDermott, Creighton, Snell, Emerson, 1935; Hasama, 1942a; Alex¬ 
ander; Buck, 1946b). Snell’s results are particularly valuable, since he 
was able to show that luminescence is possible below 4 mm. of O 2 . This 
astonishingly low oxygen requirement suffices to explain reports of failure 
to get extinction of light with N 2 , H 2 or CO 2 (Davy, 1810; Macartney, 
Bongardt, Kastle and McDermott). It also accounts for continued 
luminescence under oil (Carradori) or boiled water (Dubois), although 
utilization of air trapped in the tracheae may also have been involved 
(see p. 444). It also suggests that a control mechanism which operated 
by regulating oxygen would have to be of extraordinary efficiency. 
Additional indication of the necessity for oxygen is furnished by the 
observation that luminescence disappears in an evacuated space (Macaire, 
Owsjannikow, Dubois, Bongardt, Snell, Alexander), Here, the failures 
of Carradori, and of Kastle and McDermott, can be ascribed to insuffi- 

♦ In this paper, “anaerobic*' and “anoxic** will be u*M»d in their «trlct meanings of absence 
of oxygen, while *'hypoxie** will be nsed for tensions (partial pressures) of oxygen (pOa) 
which are abnormal^ low. 
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dent pressure reduction, as can Dubois’ claim that a dried organ glows 
in a vacuum if moistened.* 

Macaire made the interesting observation that fireflies made non- 
luminous in a vacuum cannot be induced to luminesce, by subjection to 
either heat or electricity. Similar observations were made later by 
Bellesme and by Knoche (1910) in regard to electrical stimulation of 
fireflies rendered non-luminous in irrespirable» gases. These experiments 
have been widely interpreted as proving, first, that there can be no direct 
nervous stimulation of the photogenic cell; and, second, that the normal 
control of luminescence is by way of oxygen. Since these are very im¬ 
portant conclusions, it is necessary to emphasize that the abovementioned 
experiments are entirely vitiated by the probability of an anoxic effect 
upon the nerves themselves. In this connection, it is interesting to note 
that the volimtary control mechanism is usually inactivated by oxygen lack 
before luminescence is abolished (see pp. 444 et seq ,). Moreover, in regard 
to the relevance of these experiments to direct nerve action, there is no 
reason to expect that luminescence could occur in the absence of ox\gen. 

Arnold (1881) claimed that electrical stimulation induced L. noctiluca 
to light in “absolutely ox)gen-free hydrogen” (as judged by the disappear¬ 
ance of the glow of stick phosphorus in the same chamber). However, 
since (a) he stimulated only within five minutes of the darkening of the 
phosphorus, (b) the glow persisted for a time after the current was 
broken, and (c) he could get only a single response, the glowing was 
probably made possible by air still remaining in the interior of the tracheal 
system, as suggested by Edwards (1863). 

Experiments with increased oxygen have also been tried, but with con¬ 
flicting results. Augmented luminescence has been observed by Forster, 
Spallanzani, Matteucci, Owsjannikow, Bellesme, Severn (1881), Kuhnt, 
and Emerson and Emerson (1941), no change by Hermbstadt (1808), 
Davy, Kolliker, Macartney, and Dubois; and an actual decrease in emis¬ 
sion by Macaire, Bongardt, and Hasama. Bongardt and Hasama claimed 
this last result to be a purely secondary one caused by the inhibitory^ effect 
of the actual gas current, because a stream of ordinary air likewise in¬ 
hibited luminescence. However, their contention that this is also the 
explanation of the effects of N 2 , H 2 , and CO 2 , is logically unsound. 
Moreover, Knoche. and Hollrigl, in repeating Bongardt’s work, show'ed 
that ^vhen precautions were taken to remove O 2 from CO 2 and H 2 com¬ 
pletely, no luminescence could be elicited in Lampyris. Knoche also 
found a stimulating rather than depressing effect of gas flow. I have 
reported a similar effect of gentle air-currents on the flashing of fireflies 
in flight in the laboraton' (Buck, 1937a). Severn reported that air cur- 

* There are, as a matter of fact, two possible objections to results obtained with Tacnnm. 
First, if evaporation of water were fast enonsh, the cooling effect on the firefly might in 
itself inhibit luminescence. Second, if <nifiicient water were lost, lightins: would be limited 
by water, rather than by oxygen. Probably neither objection is serions in short-tarm experi¬ 
ments with moderate rates of evacuation. 
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rents had no effect on luminescence. However, since inhibitory effects of 
strong air currents have been observed in the field by Geipel, and by 
myself, and in the laboratory by Dubois, a reflex mechanical inhibition of 
lighting, in accord with Bongardt’s observation, is a possible source of 
error to be kept in mind in all work on gases, since their effects are almost 
always tested in streams. The effect of elevated oxygen tension is also 
seen in the increased luminescence obtained with high air pressure 
(Dubois, Lund, Alexander). According to Alexander, this corresponds 
with the effect obtained with nitrogen-oxygen mixtures at atmospheric 
pressure but with equivalent partial pressures of ox\^gen. Heinemann 
(1886) may have been dealing with the same phenomenon when he found 
that blowing air through a thoracic spiracle of Pyrophorus increased the 
light, although mechanical stimulation is a more likely explanation. None 
of the above effects bears on whether or not the oxygen effect is direct 
or indirect, since the experimental conditions may well have been stimu¬ 
lating to nerves as well as to photogenic tissue. 

Kastle and McDermott, Snell, Maloeuf {1938), and Alexander, in work 
on the effect of increased ox^^gen on Photinus pyralis and Photuris penn- 
sylvanica, showed that these fireflies may develop a steady glow, the 
mechanism of which will be discussed later (“hyperoxic glow”). 

Another line of inquiry which bears on oxygen limitation is one under¬ 
taken by Snell, at the suggestion of Harvey. Snell attempted to ascertain 
whether the nervous control of luminescence is direct or indirect, by 
recording flashes of Photuris pennsylvanica in different ox^^gen tensions. 
The analysis was based on two assumptions: first, that the actual lumines¬ 
cent reaction is independent of pOo above about 2 mm., as Shoup (1929) 
had found to be true in luminous bacteria; and second, that the control 
mechanism opens to the same extent and for the same period each time it 
is stimulated. It was then argued that, if the amount of light in the 
flashes were independent of oxygen tension over a wide range, it would 
indicate that luminescence was controlled by “removal of a phase boun¬ 
dary between reactants” in the photogenic cytoplasm, due to direct 
nervous stimulation. Dependence on ox^^gen, on die other hand, w^ould 
indicate that an end-cell valve was operating, because a given response 
would admit less oxygen at low tensions and thus support less total light- 
emission. Snell did not actually compare total emissions, but only the 
maximum intensities of the flashes at various oxygen tensions. He found 
that there is apparently a progressive, though moderate, decrease in peak 
intensity between 150 and about 20 mm. oxygen. From this, he con¬ 
cluded that luminescence is controlled by regulation of ox^’gen by the end- 
cells. 

It seems to me that Snell’s conclusion is not justified. In the first 
place, there is no reliable evidence that the end-cell is the actual con¬ 
trol mechanism. Secondly, since the constancy of operation of the control 
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mechanism is a pure assumption, it could as well be argued that the 
results were caused by a slight progressive change in the control mechan¬ 
ism, such as might be induced in the nervous system by the changing 
p02. As a matter of fact, since Snell observed only about a 40 per cent 
decrease in average maximum intensity over a 7-fold change in pOo, there 
must have been very considerable compensatory changes in the response 
of the “end-cells”, if luminescence per se is to be considered as having 
been influenced by oxygen in the range from 150 to 20 mm. In general, 
then, the only conclusion justified from this work is that the intensity of 
luminescence varies with oxygen tension in the range explored. Direct 
nerve action is by no means excluded. 

In summary, most of the careful work agrees in making oxygen essential 
for continued luminescence. Under various experimental conditions, 
oxygen may be the limiting factor in the control of photogeny, but there 
is no direct evidence that oxygen is ever limiting in normal flashing. 
Nevertheless, there is sufficient circumstantial evidence of normal control 
by oxygen to justify the additional inquiries described on the following 
pages. Thus far, the evidence has not permitted a decision as to whether 
the presumed control comes about by an actual limitation of oxygen as a 
reactant, or secondarily by the effect of oxygen limitation on some other 
mechanism such as the nervous system. 

The Spiracular Factor in Luminescence Control. Since the 
spiracles guard the primary site of entry of ox}^gcn into the tracheal sys¬ 
tem, and since, in many insects, they are known to be efficient in barring 
access of gases or vapors (Wigglesworth, 1939; Hoskins), their possible 
influence on luminescence in the firefly invites investigation. Maloeuf 
and Alexander mentioned the spiracles briefly in connection with their 
theories, but apparently they made no observations. On the other hand, 
Wielowiejski, Lund, and Gerretsen all argued that no control located in 
the large tracheae could account for the rapidity with which a flash starts 
and stops, because of the time required to exhaust the oxygen in the 
tracheal system distal to the valve. In agreement with this view’, I found 
no correlation between the state of the spiracles and the time of occur¬ 
rence or characteristics of normal or electrically induced flashes in 
Photinus pyralis (Buck, 1946b). 

In the same note, I reported investigations on the influence of the 
spiracles on glows produced by anoxia, ether, cyanide, distilled water, 
and adrenalin. Injected water caused immediate spiracular closure in 
both normal fireflies and those glowing from ether or cyanide, and subse¬ 
quent cessation of glow in the latter. With all the other treatments, the 
spiracles opened before glowing began, and in anoxia they closed after 
the glow ceased. They usually also closed at about the time the glow 
ceased in ether or cyanide vapor, or with injected adrenalin, but not 
infrequently the glow continued for a few minutes after the spiracles had 
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closed. This was construed as showing that an “internal control” was 
still “open.” Calculations based on measurements of the tracheae im¬ 
mediately associated with the light organ showed that a sufficient volume 
of air is trapped in and close to the light organ to support luminescence 
for several minuteSj if the oxygen requirements of the light organ lare 
comparable to those of ordinary tissues. 

There is, apparently, a further stage of spiracular opening following 
the secondary closure, because dead or moribund fireflies usually have 
their spiracles open, whether glowing or not. 

From this work, it w^as concluded that, although the spiracles and 
“internal control” often operate simultaneously, the spiracles do not ordi¬ 
narily exercise any direct control over induced glows in flashing types of 
fireflies. Howwer, the calculations indicate that they can terminate glow¬ 
ing eventually, and I think it not unlikely that they are important in 
luminescence control in normally glowing types of fireflies such as 
Diphotus* I attempted to investigate this question in the larva of 
Photuris pennsylvanica, but found the spiracles too small. 

As argued in regard to breathing movements, if the spiracles were the 
only means of ox^'gen control for the organism, luminescence would be 
expected to occur by day, since the spiracles w^ould presumably have to 
open to meet respiratory needs. This would not agree with the usual 
reports that fireflies are non-luminous by day. However, since fireflies 
are also inactive by day, it is possible that their general metabolism falls 
so low that the spiracles would need to be opened only very infrequently. 
Under such circumstances, even if luminescence occurred when the 
spiracles opened, it might escape obser\"ation. 

The Internal Control of Glowing* A large number of agents and 
treatments have been discovered which cause glowing in Type 6 fireflies 
(Verwom, Kastle and McDennott, Gerretsen, Creighton, Snell, Emerson, 
Emerson and Emerson, Alexander; Seif ter, 1945; etc.). Of these, hypoxia 
and anesthetic vapors have proved to be particularly useful in studying 
the operation of the control mechanism, and from their use a number of 
conclusions have been drawn concerning the tracheal end-cell. Since 
none of this work actually bears on the anatomical identity of the regu¬ 
latory mechanism, I shall use the noncommital term, internal control. 

Verwom, and also Gerretsen, studied the effect of strong chloroform 
vapor on Luciola italica and Luciola vittata, respectively, forms which 
apparently give frequent spontaneous flashes under laboratory conditions, 
in contrast to the rare flashing of our American Photinus pyralis. They 
observed three stages of chloroform effect: (1) reversible inhibition of 
flashing, with immobilization, and sometimes accompanied by a dull glow; 
(2) irreversible bright glowing; (3) irreversible extinction. Stage 1 was 
ascribed by Verwom to nerve narcosis, and by Gerretsen to transient 
contraction of the end-cells. Stage 2 was assigned by Verwom to direct 
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chejcnical stimulation of the nerves and photogenic tissue, and by Gerretsen 
to relaxation of the cnd-cells. Stage 3 was attributed by Verwom to 
exhaustion of the stored photogenic material, due to the luminescence 
in the second stage, and by Gerretsen to permanent damage to enzymes. 
Verwom’s opinion in regard to Stage 3 is weakened by Gerretsen’s obser¬ 
vation that the dead fireflies in Stage 2 sometime» glowed for hours if 
removed from the chloroform vapor. The idea of s< me sort of irreversible 
chemical damage to the luminescent system is supported also by my obser¬ 
vations on Photuris pennsylvanica. In this species, I found that light 
organs from specimens rendered non-luminous by an hour’s exposure to 
saturated ether vapor, would not glow even if minced in fresh air, a 
treatment which ordinarily suffices to cause glowing even in moribund 
animals. The above idea is also supported indirectly by Emerson’s work 
with known concentrations of ether, in which he found that irrever¬ 
sible damage to the luminescent system results when lethal concentrations 
are reached. 

Either because they used saturated vapor or because chloroform is 
rather toxic, Verwom and Gerretsen missed some important intermediate 
stages of anesthesia which can be demonstrated in gradual hypoxia and 
with gradually increasing concentrations of ether. Thus, Emerson, and 
also Buck (1946b) have shown that bright early ether glows are readily 
reversible. The same is tme for glows produced by low oxygen (Bon- 
gardt, Kastle and McDermott, Snell, Alexander; Buck, 1946b). 

Snell studied the effect of low oxygen tension carefully, and showed 
not only that partial pressures below 4 mm. induce a steady dull hypoxic 
(“anoxic”) glow* but also that, if the oxygen tension is suddenly raised 
from below 4 mm. to 30 mm. or above, the glow brightens suddenly, and 
usually markedly, and then quickly subsides to zero (“pseudoflash”). 
Snell interpreted the hypoxic glow as due to entry of oxygen through 
inactivated end-cells, and the pseudoflash as an exua imcontrolled lu¬ 
minescence which is terminated by recovery and closure of the control 
mechanism (end-cell valve) .f 

A further refinement in “internal control” action was disclosed by my 
finding (Buck, 1946b) that with very gradually decreasing p02 a stage 
is reached where an hypoxic glow has not yet developed, but in which a 
pseudoflash can be induced. To explain this phenomenon, I postulated 
that the “aperture” of the internal control had enlarged enough to permit 
luminescence at high p 02 (pseudoflash), but still not enough to permit 
it at low. Since luminescence (hypoxic glow) does develop at oxygen 

* The hypoxic slow is ordinarily produced by usins: pure N 2 , Hs or COs, but Bon^rdt, 
Snell, and Alexander showed that it occurs also in atmospheric air if the total pressure is 
lowered enousrh to decrease pOa below 4 mm. 

t The pseudoflash has been interpreted by Alexander in terms of the Wiffjclesworth-Maloeuf 
osmotic theory, which will be discussed later. It might also represent the oxidation of 
luciferin that had accumulated during the hypoxic period, as has been shown to occur In 
the “flash” of luminous bacteria. However, in a number of experiments with Photinus 
pyrtdis, I found no correlation between the durations of pseudoflashes and the durations of 
the preceding anoxic periods. 
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tensions still lower than in the above stage, I concluded that the aperture 
of the internal control enlarges faster than the p02 decreases. In other 
words, the internal control overcompensates in its response to decreasing 
oxygen tension. These facts enable us to make the further deductions that 
luminescence requires the entry of a certain minimum number of oxygen 
molecules per unit time, and that this can be achieved either by the 
entry of air higher in oxygen through a smaller aperture, or by the entry 
of air lower in oxygen through a larger aperture. This implies, further¬ 
more, that the response of the internal control is a graded, rather than 
all-or-none phenomenon. 

Further information on the operation of the “internal control** is con¬ 
tained in a number of observations bearing on whether or not flashing 
and glowing are controlled by the same mechanism. It has been reported 
generally that normal flashing does not occur under anesthesia, except 
occasionally at the start of exposure, before glowing has developed to full 
intensity. Unfortunately, the evidence is not clear-cut on whether or not 
flashing can be elicited artificially during glowing. Although his account 
is very ambiguous, Gerretsen apparently believed that luminescence could 
be affected by electrical shock during his Stage 2 (glowing) of chloroform 
narcosis. On the other hand, Snell (1932) and Alexander found that 
normal flashing is inhibited during the hypoxic glow. Furthermore, 
Alexander was unable to induce flashing during hypoxic glowing, by 
electrical treatment. These results have been regarded by Alexander, 
and others, as shelving that the flash control cannot operate during glow¬ 
ing, or in other words, that flashing and glowing are independent phe¬ 
nomena. However, none of this work circumvents the objection that 
that hypoxia and anesthesia (like anoxia) undoubtedly abolish the normal 
functioning of the flash control mechanism. Furthermore, the failure to 
obtain flashing with hypoxia might have been due simply to the very low 
p 025 rather than to a necessary difference in the control mechanisms for 
flashing and glowing. In other words, luminescence may already have 
been maximal for the existing p 02 . 

Snell’s w’ork with low oxygen is particularly germane with regard to 
the distinction between glow and flash. He found that, below about 20 
mm. oxygen tension, the duration of the flash lengthened progressively 
and the peak intensity decreased until, at 4 mm., the steady hypoxic glow 
resulted. The region between 20 and 4 mm. oxygen tension, therefore, 
is a transition territory in which it is hardly possible to distinguish flash 
from glow. 

An additional point of importance concerns the normal “neuromuscu¬ 
lar** state of the internal control mechanism. The fact that fireflies 
moribund from inanition (or those which fail to recover from moderate 
anesthesia) often exhibit a steady, lasting glow, indicates that in its re¬ 
laxed position the “valve** is open, and that energy expenditure is required 
to keep it closed. The same conclusion is indicated by the work of Ger- 
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retsen and of Emerson on anesthetics, and by the work on the effects of 
oxygen, if the assxunption is made that the internal control relaxes (opens) 
in low oxygen and contracts (shuts) in high (Snell, Alexander; Buck, 
1946b). As a matter of fact, adrenalin, cyanide, and all the other glow- 
inducing agents can be imagined to have an analogous effect. The open 
position in hypoxia, anoxia, anesthesia, and death is compatible with an 
assumption that energy expenditure is required to keep the “valve” in the 
closed (tonic), or non-luminescent, condition. This point will be dis¬ 
cussed further on page 450. 

A further interesting point was discovered by Alexander in his extension 
of Snell’s work on the effects of high oxygen tensions. Although there 
is not space here to give the evidence in detail, Alexander was led to 
conclude that the glow produced by high oxygen is due to oxygen leaking 
directly through the cytoplasm, thus by-passing the internal control. 

In experiments on glows produced by ether, carbon dioxide, and adrena¬ 
lin, I found the responses of Photuris pennsylvanica larvae similar to 
those of the adult Photinus pyralis. Since the larva lacks end-cells, it 
can be concluded that end-cells are not necessarily involved in the control 
of glow in adult fireflies. However, they might still be essential to flash 
control, since none of the work discussed in this section really touches that 
point. 

Theoretical Mechanisms of Luminescence Control by Oxygen 
Limitation: 

Introduction. In this section, the mechanisms of oxygen control 
which have been proposed in sufficient detail will be analyzed in the light 
of the anatomical and physiological evidence discussed, and according to 
certain theoretical considerations. A review of the anatomical path which 
oxygen must follow in its journey to the photogenic cells, suggests the 
following sites at which the passage of oxygen might be interrupted: 
the spiracle, the end-cell, the tracheole, the differentiated zone, the mem¬ 
brane of the photogenic cell, and the photogenic cytoplasm. The spiracle 
has already been considered and found not to be concerned in the control 
of flashing. What little information exists on the differentiated zone of 
the photogenic cytoplasm, and on the possibility of phase-boundary 
changes in the cytoplasm, has been presented and need not be reconsid¬ 
ered. The membrane of the photogenic cell is theoretically the most 
logical site of all for the operation of an efficient control, but since Harvey 
(1922) has shown that a number of cells are very permeable to oxygen, 
there is no reason to expect that control by changes in permeability to 
oxygen is likely.* We are reduced, therefore, to the tracheoles and the 
end-cells as possible agents in oxygen control. 

* There is every reason to believe that this conclusion is valid srenerally, but Harvey’s work 
actually concerned permeability under abnormal conditions (recovery from anoxia). 
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The discussion will be mainly in terms of the Type 6 organ, since it 
has been the subject of nearly all the modem physiological work. How¬ 
ever, this should not justify any generalizations, either pro or con, con¬ 
cerning any particular theory. Thus, it seems certain from the time 
relations, if from nothing else, that a firefly with an intermittently glowing 
type of organ will require a very much less precise and intricate control 
mechanism than one of Type 6. 

CoMPETTnoN FOR OxYGEN, IN RELATION TO CoNTROL. One question 
which may have an important bearing on control is whether or not there 
is competition for oxygen between respiration and luminescence. This 
possibility exists because both systems presumably draw their oxygen from 
a common intracellular “pool”.* 

There would be potential competition if, during luminescence, the 
oxygen supply fell below that necessary to support both luminescence 
and basal respiration. There are few data which bear, even indirectly, 
on what occurs in these abnormal circumstances. Harvey (1922) found 
that, in Chaetopterus sealed in water, luminescence disappeared long 
before spontaneous muscular activity. However this may not indicate that 
luminescence is more sensitive to oxygen lack than is respiration, but only 
that the oxygen uptake necessary to complete the enzymatic reactions in 
muscle can be long delayed, whereas those in luminescence cannot. 
Moreover, it is possible that the effect was due to accumulation of 
carbon dioxide, rather than to deprivation of ox\’gen. Shoup found 
that respirationf of luminous bacteria began to fall off when p 02 had 
been reduced below 23 mm., whereas luminous intensity was unaffected 
until p02 reached 2 mm., at which point respiration was only 50 per cent 
of normal. If, as seems reasonable, the intensity of luminescence is 
proportional to the oxygen consumption of the luminescent reaction, these 
results suggest that luminescence may be more successful in obtaining 
oxygen from a deficient supply than is respiration. It is, however, not 
certain that this conclusion is applicable to fireflies. 

If, as Shoup’s results suggest, luminescence has a competitive advantage 
over respiration under conditions of restricted ox^^gen, it appears unlikely 
that luminescence could be suppressed by respiration under normal cir¬ 
cumstances, where sufficient ox\^gen for respiration is always present. 
However, since Creighton has proposed such a mechanism, it will be 
worthwhile to analyze it in some detail, particularly as the analysis points 
to a possible experimental test. 

* Recent work on luminous bacteria indicates that, although respiration and luminescence 
show considerably different responses to certain stimulating and Inhibiting agents ie.g., 
potassium cyanide and urethane)» they utilize parallel enzymatic pathways. With increa^ 
oxygen, for example, proportionatdy more oxygen goes through the luminescent system. 
(See Harvey, 1940, 1941, and Johnson et aL) 

t Shoup used “respiration" as synonymous with total oxygen uptake, but in tbe present 
paper it is used in the restricted sense of oxygen uptake other thar that required for 
luminescence. In practice, the two m^ures will probably be nearly identical, since Shoup's 
work, and that of Snell on the hypoxic glow of the firefly, indicate that the oxygen require* 
ment of luminescence is very small in comparison with that of respiration. 
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In view of Shoup’s work, respiration could deprive luminescence of 
oxygen only under one of the following conditions: (a) the oxygen 
requirements of respiration are actually lower than those of luminescence, 
and the photogenic tissue is maintained nearly anaerobic, at least during 
the dark periods; (b) respiratory activity is localized in a cortex surround¬ 
ing the actual photogenic cytoplasm, so that oxygen diffusing in it can 
be “filtered” out before reaching the other reactions of luminescence; 
(c) the intracellular oxygen transport system channels oxygen prefer¬ 
entially into respiration (at normal PO 2 ). The first possibility is rendered 
very unlikely by the known low oxygen requirement of luminescence. 
The second possibility certainly appears unreasonable on general grounds. 
However, in its light, Dahlgren’s speculations on the “oxygen-insulating” 
properties of the differentiated layer of the photogenic cytoplasm (see 
p. 413) assume a new and provocative significance, and perhaps deserve 
further consideration. The third condition is one wliich, by analogy with 
known systems, is possible, but which would not be expected to permit 
absolute extinction of luminescence,* since such “channelings” are usually 
questions of relative rates of utilization, rather than absolute exclusion. 

Since the idea of competition seems not impossible, an enumeration of 
its nature and consequences is in order. According to Creighton’s h)T)oth- 
esis, basal respiration normally uses all the oxygen available and, hence, 
prevents visible luminescence (dark period). If, however, additional 
oxygen is made available (^.^., by end-cell contraction), photogeny may 
begin (luminescent period). There is, however, an alternative method 
by which competition could operate. According to this second hypoth¬ 
esis, the oxygen supply remains relatively constant, but is usually all 
appropriated by respiration, which proceeds at a rate higher than basal 
(dark period). If, however, the respiratory rate falls, ox>^gen is available 
for the luminescent reaction. Both hypotheses, it will be seen, are com¬ 
patible with the fact that respiration can be maintained without per¬ 
mitting photogeny at “inappropriate” times. This is particularly per¬ 
tinent in view of the very small p02 required for luminescence. Both 
hypotheses also are in harmony with the expectation that respiration is 
diminished or absent in moribund or dead fireflies, where luminescence 
is often continuous. Assuming that prolonged anesthesia depresses respira¬ 
tion, both hypotheses also explain glowing in narcosis. Neither h)’pothesis 
accounts for either hyperoxic or h>T)oxic glowing, without further assump¬ 
tions which are too detailed to consider here. 

Theoretically, a decision as to which mechanism (if either) is operating 
could be made by comparing the oxygen uptakes of a tissue in the dark 
and in the luminescent states. According to the first hypothesis, oxygen 
consumption should be higher during luminescence than during the dark 

* In view of the extreme sensitivity of the hnman eye, it is likely that luminescence really 
is zero during Uie apparently ^^dark*' period, rather tl^n continuing at a low rate. 
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period; according to the second, probably lower* Unfortunately, as 
already discussed, no direct data are available.! However, it will be 
instructive to pursue sonae of the consequences of the two hypotheses a 
little further. 

The first hypothesis, according to which respiration is lowest during 
the dark period, fits better the traditional idea that control is achieved 
by limitation of the external oxygen supply. It agrees, for example, with 
the expectation that luminescence involves increased oxygen and that 
nervous stimulation induces luminescence by inducing an increase in 
that supply. Furthermore, a linear relation between luminescence and 
oxygen tension, at least over part of the range, would be expected on 
the basis of the first hypothesis, if the oxygen uptake of luminescence is 
linear with oxygen tension. No relevant work has been done on glowing 
forms, which would be the most favorable for the purpose; however, as 
we have seen, Snell’s data indicated that peak flash intensity decreases as 
the partial pressure of oxygen decreases from atmospheric. On the other 
hand, in several organisms (notably bacteria), luminescence has been 
found to be independent of oxygen over very wide ranges. 

The second hypothesis, in common with other intracellular controls, 
has the advantage over Creighton’s mechanism of potentially greater 
speed, and the apparent “disadvantage” of not accounting for the end¬ 
cell. In addition, it requires us to think of nervous “stimulation” of 
luminescence in terms of inhibition of respiration, and of the firefly as 
expending more energy in keeping itself dark than in luminescing. 

On the whole, alAough a competitive mechanism is not excluded 
from being concerned in firefly luminescence, the probability does not 
seem large enough to justify pursuing the question further. Likewise, in 
the absence of experimental work, there seems to be little point in attempt¬ 
ing to choose bet\veen Creighton’s hypothesis and its alternative. 

The Theory of Osmotic Control of Luminescence. In 1930, 
Wigglesworth proposed an ingenious theory, according to which the 
changing needs of a cell for oxygen could be met by varying 
the amount of fluid in the distal end of the tracheole. This theory was 

* It is generally assumed that the oxygen consumption of the luminescent reaction occurs 
at the same time the light is emitted. This appears to he supported by the fact that oxygen 
is essential for continued luminescence. However, over periods as short as those of normal 
flashes, it might Mtell be that light-emission and oxygen uptake would not be simultaneous. 
An analogy is offered by muscle, in which the oxygen is used in the recovery or preparatory 
period, whereas the actual reactions involved in contraction occur anaerobically. Therefore, 
a comparison of oxygen uptakes during light and dark states of a tissue might not give a 
true measure of the extra oxygen consumption involved in the luminescent reaction. 

t Some idea of the oxygen requirements of the same tissue in the luminous and non-luminous 
states might be obtained by comparing quiescent normal fireflies with brightly glowing **dead*' 
specimens, or, perhaps (to eliminate the possibility of oxygen uptake by surviving tissues 
or by bacteria), with fireflies which had bi^n dried and then remoistenedL This would not, 
however, be ideal, because basal respiration would be lacldng in the dead group. It may be 
of interest, al^ to mention here my preliminary experiments on the oxygen uptake of speci¬ 
mens of Photinus pyralis poisoned with DDT. As with other insects, oxygen uptake was 
increased several-fold. Luminescence was also, at first, increased over the near inactivily 
usual in the laboratory, but consisted of irregular flashing and intermittent glowing, suggestive 
of nerve irritation. It was only late in the experiment, when muscular activity and oxygen 
uptake had both declined, that luminescence became continuous. 
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not originally designed for the special anatomy of the firefly^ with its 
end-cells and anastomosing tracheoles and, moreover, it assumed intra¬ 
cellular penetration of the tracheoles. Several years later, however, it 
was applied specifically to the firefly by Maloeuf. 

Wigglesworth proposed, first, that the tracheolar wall is semi-permeable. 
Second, he postulated that the level to which air extends in the tracheoles 
is determined by a balance between the osmotic pressure of the cytoplasm 
(which tends to pull water out of the tracheole into the cell) and the 
capillary attraction of the liquid in the tube (which tends to draw water 
out of the cell). He supported this idea by showing that hypertonic solu¬ 
tions injected into mosquito larvae caused movements of ^e air in the 
tracheoles. He further assumed that, if the osmotic pressure into the cell 
were increased during cell activity, as by the breaking-down of large 
substrate molecules into smaller metabolic products such as lactic acid, 
water would be withdrawn from the tracheole into the cell. This would 
allow the air to extend further in toward the cell and meet the increased 
need for oxygen imposed by the increased activity. Conversely, during 
quiescence, materials would be resynthesized in the cytoplasm, causing its 
osmotic pressure to fall, and water would pass from the cell into the 
tracheole and force the oxygen supply farther away. In agreement with 
expectation, Wigglesworth was able to show reversible inward movement 
of air, and acid formation, during anoxia. Maloeuf’s contribution con¬ 
sisted in defining the “activity” which increases the osmotic pressure, as 
the luminescence of the photogenic cell, and in showing that injection 
of hypertonic and hypotonic solutions into the photogenic organ caused, 
respectively, stimulation and suppression of luminescence. Dubois, how¬ 
ever, had found that water injection induced glowing. 

The osmotic control theory has run into several difficulties. First, 
Wigglesworth (1938 a and b) found, in developing mosquito larvae, 
a number of phenomena which were not explicable by his theory in its 
original form. Shortly thereafter, Bult (1939) introduced a considerably 
altered version of the theory and, by processes too complex to elaborate 
here, came to the conclusion that an increase in osmotic pressure in 
the cell would actually bring about movement of air away from the cell. 
The “osmotic” effects he therefore attributed to swelling of cell proteins. 
The Bult theory could probably be adapted to the problem of photogenic 
control, although it is by no means clear that it is a substantial improve¬ 
ment over the original Wigglesworth theory. Both theories, however, 
suffer from the serious drawback that the observed speed of the fluid 
movements produced is very slow. Over distances comparable to those 
met in the tracheoles of the light organ, the time required is of the order 
of minutes, where seconds or fractions of seconds are required. 

Alexander repeated Maloeuf’s experiments in detail and confirmed 
the findings in regard to hypertonic solutions, but not concerning hypo- 
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tonic solutions. In some instances, moreover, he found that the direction 
of spread of glow in the organ did not correspond with that expected 
by theory. He concluded that tracheolar fluid movements are not con¬ 
cerned in normal flashing, although they probably are in the glow caused 
by injected hypertonic solutions, and in the fact that the pseudoflash has 
a shorter latent period than has hyperoxic glow. Since we have already 
seen that many substances beside hypertonic solutions induce glowing, 
this effect cannot safely be ascribed to osmotic changes. Likewise, as will 
be shown shortly, the length of the latent period bet\veen stimulus and 
light-production czin be explained adequately by a valve mechanism 
which opens in low oxygen tensions and closes in high. Another explana¬ 
tion of effect of fluid in the tracheoles will also be presented. 

The Mechanical Valve Theory of End-Cell Control of Oxygen. 
By far the majority of theories concerning the end-cell give it the role 
of a regulator of oxygen rather than a source or adjunct of luminescence. 
Most of these theories are in terms of the generalities which have already 
been discussed, as, e.g., the strategic location of the end-cell, its supposed 
innerv’ation, and especially its presence in flashing fireflies and absence in 
glowing ones.* This last point seems to me to be a particularly strong 
one, though, admittedly, it provides no information on how the end-cell 
works. The objection which is often raised that end-cells are found in 
non-luminous tissues, even in the firefly, does not show that they cannot 
operate in regulating oxygen. Schultze has pointed out that it is not the 
exclusive possession of end-cells, but their strikingly high concentration, 
which distinguishes the photogenic layer from other tissues. 

Dahlgren and most other writers on end-cell physiology have assumed 
that the tracheoles are at least partly air-filled. As we have seen, the 
e\’idence is by no means imequivocal in this respect, but unless it is 
assumed that an actual current of liquid is circulated through the trache¬ 
oles, we shall have to postulate the presence of gas distal to the end-cell, 
as well as proximal to it, if the end-cell is to operate as a valve. This is 
because the speed of diffusion of oxygen through tissue is not greatly 
different from that through plain water (Krogh), so that, if the tracheoles 
were water-filled, the end-cell would offer relatively little hindrance to 
aqueous diffusion. 

Though a number of investigators have thought of the end-cell in 
frankly physical terms, Dahlgren is almost alone in describing structures 
which might make possible the valvular action. As already mentioned, 
he found, in osmic acid preparations, that the tracheal twig narrows 
within the end-cell, loses its spiral thickenings, and shows an annular 
“dark-staining sheath”, “specialized body”, “cylindrical organ” or 

of his claim that Bonsardt found end-cells in the larva of 
animal which, according to Maloenf, “displays no such brisk 
yt regard this as conclusive in any case, in view of the contra- 
ut, actually, Bongardt (p. 24) says that end-ci^s are absent. 


* Maloeuf has made much 
Phosphaenue hemipterv^, an 
dashing rhythm.” I would n 
dictions in Boiigardt*s paper I 
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“rounded mass” (“S” in figure 11).* This staining reaction, continues 
Dahlgren, “may point to a contractile layer of cytoplasm surrounding it, 
with the possibility of a valve, in addition, in its lumen. Also the larger 
body of cytoplasm surrounding it sometimes shows a radial structure that 
may point to a general contractile power.”t 

Dahlgren explains the functioning of the end-cell as follows: “It is 
believed by the writer that these radiating rods and the rounded mass 
represent muscular structures which are of two possible uses: to prevent 
the passage of air into the tracheole by compressing them; this would 
appear to be the function of the rounded mass; second, to enlarge the 
terminal twig and end organ and thus fill it with a new supply of air; 
this would seem to be a possible function of the radiating rods. It can 
be seen that the rapid alternation of the two actions would result in the 
forcing of a sudden jet of air bearing free oxygen into the light cell mass, 
and would account for the power of flashing exhibited by the organ.” 
Dahlgren suggests, in addition, that two sorts of nerves will be required, 
one for the rounded body and one for the fibrillar cytoplasm. His 
hypothesis was used uncritically by Creighton, Snell, and Alexander in 
their physiological work. Alexander, in fact, interprets most of his results 
on the basis of end-cells able to cause a “sudden burst of oxygen directly 
into the photogenic cells”. 

It seems to me that Dahlgren’s mechanism, in the form stated, is equiva¬ 
lent to pinching a tapering tube open at both ends, and expecting the 
jet of air to move toward the smaller end (that is, into the tracheoles). 
Matters would be even worse if the small end of the tube were partly 
or entirely closed, as it might be if the tracheole contained some water 
or terminated intracellularly. In order to enable Dahlgren’s end-cell to 
actually produce a “jet” of air, several additional mechanical properties 
must be postulated for it, and a number of new assumptions introduced. 
Since these requirements apply to any mechanical end-cell valve theory, 
it is worth while to enumerate them, as follows. 

(a) The “rounded mass” must lie proximal to the region of the end¬ 
cell lumen which is enlarged by contraction of the fibrillar protoplasm. 
This is necessary in order that the contraction of the rounded body can 
shut one end of the tube through the end-cell, so as to allow pressure to 
build up distally.J 

(b) The passage through the end-cell must have an elastic wall, in 
order to provide a means of applying pressure to the air which is drawn 

♦ Dahlgren seems to he somewhat vague about the exact location of this body, since in his 
Figure 11 (p. 611) he shows it as Indicated in the lower of the two end-cells pictured in my 
FiQUitB 11, whereas in another version (his Figure 20, p. 845)* diagrammed as the upper 
of the two end-cells in my FiGUBB 11, it does not seem to ajppear. 

11, too, have seen a striated appearance in the end-cell cytoplasm in some preparations 
(Buck, 1940), but the structures are not very sharp. They, and indeed the whole end-cell, 
are very smalL 

fDr. H. Specht has pointed out to me that the internal surface of the end-cell lumen 
must be kept dry, since otherwise a meniscus would form at the point of constriction, and 
resis.t, with relatively enormous force, the reopening of the tubule. 
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into the end-cell when the passage is enlarged by contraction of the 
fibrillar cytoplasm. 

(c) The periphery of the end-cell must be rigid. This will be necessary 
in order to give the “fibers” something to anchor to as they pull on the 
wall of the lumen of the end-cell. As already mentioned, the periphery 
of the end-cell is notably lacking in any suggestion of such a compact 
structure. 

(d) By analogy with vertebrate sphincters, the “rounded body” ought 
to be composed of two layers of contractile elements at right angles to 
one another, one for enlarging its opening and one for constriction.* 

(e) In the relaxed state of the fibrillar protoplasm, the part of the 
end-cell lumen which it controls must still be patent. 

With these new specifications, we are in a position to revise Dahlgren’s 
account of the operation of the end-cell. This will now require four 
successive stages, as follows. 

First: Contraction of the fibrillar cytoplasm to enlarge the lumen of the 
end-cell and draw air in from the terminal tracheal t^dg. 

Second: Contraction of the rounded mass to close off the end-cell lumen 
proximal to the point enlarged by the contraction of the fibrillar proto¬ 
plasm. 

Third: Relaxation of the fibrillar cytoplasm, so that the elastic recoil 
of the wall of the end-cell lumen applies pressure to the contained air 
and forces some of it distally into the tracheoles. 

Fourth: Relaxation of the roimded mass, opening its lumen and releasing 
the pressure on the air in the tracheoles. Since the entire passage 
through the end-cell is now open, diffusion can replenish the oxygen in 
the tracheolar air. 

Since the anatomical and operational features just outlined are so 
largely speculative, it is desirable to ascertain how well they meet criti¬ 
cisms which have been made of the concept of a mechanical end-cell 
valve, and how well they explain various known facts about the control 
mechanism. 

Maloeuf raised several objections, based on his understanding that 
Dahlgren’s theory provided for stopping the flash by contraction of the 
end-cell. This is another of the points lacking in Dahlgren’s exposition. 
According to the revised mechanism outlined above, the decay of lumines¬ 
cence would be caused simply by the decrease in p 02 due to respiration 
and luminescence, to a level insufficient to support luminescence. The 
flash is actually started^ rather than stopped, by end-cell contraction. 

^ If snch intricacy seems difficult to visualize in a structure as TOiall as an end-cell, we should 
recall the complexity of some of the small Protozoa, to say nothing of that of an individual 
cilium. 
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Another obvious question to be asked about the mechanical end-cell 
control theory is whether the amount of air which could be forced into 
the photogenic tissue in a single “jet” would be sufficient to support the 
necessary luminescence. We are seriously hampered here by not knowing 
what that requirement is, but, if the demands of light-production are 
anything like those of ordinary tissue respiration, it seems unlikely that 
the mere contraction of the sphincter-like rounded mass (resulting in the 
inward movement, by a distance of a micron or two at most, of a fraction 
of a cubic micron of air) would be adequate. The same objection would 
probably apply to any theory involving simple constriction at some point 
in the lumen of the end-cell, even allowing for the possibility that the 
end-cell at the other end of the tracheole might provide a similar amount 
of air simultaneously. Under such circumstances, it seems that a prelim¬ 
inary enlargement of the end-cell passage, such as Dahlgren postulated, 
would be necessary. On the other hand, if the oxygen requirement of 
luminescence were very low, it might be possible to simplify the con¬ 
tractile mechanism to the extent of eliminating the expansion of the 
tracheolar lumen caused by contraction of the fibrillar protoplasm. The 
mechanism would then consist simply of two sphincters in tandem on the 
end-cell lumen, contracting and relaxing with the usual peristaltic rhythm. 

Dahlgren describes the tracheoles as intercellular, and as connecting 
two end-cells of contiguous cylinders (anastomosis), but he does not con¬ 
sider specifically whether the “jet” is to be a flow of air through the open 
tube or a raising of the air pressure inside the tracheole. The former 
would result if the end-cell at one end of the tracheole were relaxed while 
the other was contracted; the latter, if both end-cells contracted at once. 
The former, or “flow” hypothesis, would have the following consequences: 

(a) It might result in a more efficient renewal of the tracheolar oxygen, 
since air low in oxygen would be exhausted into a large space (the twig) 
with each pulse, where diffusion could raise its oxygen content quickly. 

(b) It would require a high order of nervous coordination (alternate 
firing of the members of end-cell or cylinder pairs). 

(c) Luminescence should spread from one end-cell toward its partner. 

The “pressure” hypothesis would have the following consequences: 

(a) It could operate with simultaneous firing of end-cells. 

(b) Action would probably be faster than with a “flow” mechanism, 
since, in the latter, each flash would have to progress across the photogenic 
cell. 

(c) It might result in a higher momentary oxygen tension in the 
tracheole than could be obtained by flow alone. 
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(d) Increase in oxygen tension would be simultaneous along the whole 
tracheole. 

It seems to me that the points enumerated illustrate certain real 
advantages of a pressure mechanism. It has been pointed out previously 
that the final step in any oxygen control mechanism must be the passage 
of ox^’gen into the photogenic cytoplasm^ by diffusion. Since the rate 
of diffusion cannot be changed, the problem of bringing about very rapid 
control becomes one of making diffusion distances as short as possible. 
Such a requirement is ob\dously not met by any arrangement whereby 
oxygen reaches the surface of the photogenic cell by diffusing down the 
tracheole. Nor is it met by a flow mechanism, because time is lost in 
raising the oxygen tension at successive points along the tracheole. With 
a pressure mechanism, however, most of the necessary oxygen can already 
be present in the tracheole, though ineffective in causing luminescence, 
due to its partial pressure being sub-threshold or because all is being used 
in respiration (see discussion of competition hypothesis). The pressure 
increase, therefore, results in a simultaneous rise in oxygen tension at all 
points in the tracheole, at a rate limited only by the speed of contraction 
of the end-cell. The rate of build-up of the flash is, then, determined by 
the speed of gaseous diffusion over a maximum distance of the radius of 
the tracheole, plus liquid diffusion in the photogenic cytoplasm. In the 
same way, the decay phase, or shutting-off of the flash, can occur as 
rapidly as the end-cell can relax,* because the oxygen tension falls simul¬ 
taneously to a sub-threshold value at every point in the tracheole. 

Another, if less crucial, advantage of the pressure hypothesis is that 
it would also apply if an inner section of the tracheole were blocked or 
restricted by liquid or tissue. The only effect of liquid in part of the 
tracheole would be to reduce the intensity of the flash by impeding 
oxygen access to part of the photogenic C}^oplasm. In fact, such fluid 
might even be assigned a possible function in so varying flash intensity, 
thus taking care of those reports which describe fluid in the tracheoles. 
Moreover, since fluid would not affect the duration of the flash, one 
explanation is provided for Snell’s observation that, although the intensity 
of normal flashes is highly variable, the duration is astonishingly constant. 
It is thus one of the advantages of the mechanical end-cell theory, in the 
revised form presented here, that it would operate whether the tracheoles 
are extracellular or intracellular, or whether they do or do not anastomose 
(provided that, if they do, the two end-cells of a tracheole contract 
simultaneously). 

This whole superstructure is so complex and highly theoretical that it 

* Since relaxation decreases pOs in the tracheole below the threshold for luminescence, 
decay is determined only by depletion of the oxygen actually in the cytoplasm. According 
to the revised version of the mechanical end-cell theory, the “contraction*', or action which 
forces air into the tracheole would actually be a relaxation of the fibrillar cytoplasm, the 
force being provided by elastic recoil of the wall of the end-cell lumen. The “relaxation** 
would be the relaxation of the “rounded body.** 
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may seem incongruous to speak of considering the “evidence” for one or 
the other hypothesis. Nevertheless, it must be kept in mind that the 
control of luminescence in the firefly, no matter how it is brought about, 
is, after all, a wonderfully precise accomplishment. It would thus be 
surprising, indeed, if its mechanism were not intricate, both anatomically 
and physiologically. At any rate, the observations of Lund, Alexander, 
and others, that luminescence spreads out from the cylinder wall, might 
be thought to favor the “flow” hypothesis. However, it must be remem¬ 
bered that all such observations were of glows rather than flashes and, 
as we have seen, the glow is most reasonably explained as due merely to 
diffusion through an inactivated control mechanism. In terms of the 
present theory, this “inactivation” would mean the relaxation (opening) 
of the rounded mass, without any activity of the fibrillar cytoplasm. 

Further important evidence on the mechanical theory of end-cell action 
can be derived from considering whether it can also explain the phe¬ 
nomena discussed in connection with glowing. Alexander strongly empha¬ 
sized the distinction between glow control and flash control, and appar¬ 
ently thought of the two as being quite separate, although most of his 
conclusions on flash control were derived from observations of glows. 
The points which particularly seem to indicate a dual control are the 
following: 

(a) Voluntary flashing is abolished in the dead or decapitated animal, 
whereas glowing is often brilliant. 

(b) Normal or electrically stimulated flashes usually occur independ¬ 
ently of glowing. 

(c) Voluntary flashing is abolished during glows produced by anes¬ 
thetics or by high or low oxygen. During the latter, at least, flashing 
cannot even be elicited by electrical stimulation. 

(d) No glow approaches in intensity the maximum reached in the 
flash. 

(e) Under some circumstances, flashes can occur superimposed on a 
glow (early stages of high oxygen effect—^Alexander; early stages of 
anesthesia or water injection—^Buck). 

(f) The decay portion of the pseudoflash time-intensity curve is far 
more gradual than that of the normal flash (Snell, Alexander). 

All these observations can be explained as follows, on the basis of a 
valvular end-cell which has the properties which I have postulated: 

(a) In the normal non-luminescent condition, the rounded body is in 
a state of tonic contraction such that its lumen admits only enough air 
to supply respiration, and the fibrillar protoplasm is relaxed, so that the 
part of the lumen it controls is minimal. 
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(b) In response to voluntary or to applied electrical stimulus, there 
occurs the four-stage contraction-relaxation sequence postulated as pro¬ 
ducing the air “jet.” At the end of the resultant flash, the rounded 
body returns to its original state, with an opening insufficient to permit 
glow. (Flash without glow.) 

(c) Anesthetics or death relax the rounded body enough so that suf¬ 
ficient air diffuses through to exceed the oxygen threshold for glowing. 
Or, alternatively, these factors depress respiration, so that oxygen becomes 
available for photogeny. They also inactivate the fibrillar cytoplasm, 
which is already relaxed (open), so that no flash is possible. (Glow 
without flash.) 

(d) The assumption that, in ordinary air at one atmosphere pressure, 
glow intensity is determined only by the aperture through the rounded 
body, w^ould explain why the glow (diffusion-controlled) is not as intense 
as the flash (pressure-controlled). 

(e) A slight stimulation, preceding anesthetic or toxic effect, is a 
w'ell-knowm pharmacological phenomenon. A slight stimulation of the 
fibrillar protoplasm of the end-cell, at the same time that the rounded 
body reached its relaxed phase, would well explain flashes superimposed 
on glows.* 

(f) The slow decay of the pseudoflash, as compared with that of the 
normal flash, can be explained by a slowed-down response of the rounded 
body as it recovers from anoxia and resumes its tonic state of partial 
contraction. 

In summary, the facts and assumptions presented in the last few pages 
suffice to explain many of the known facts about light-emission in the 
firefly, on the basis of mechanical control of oxygen by the end-cell. 
There is, however, no strong evidence that the concept is more than a 
hypothesis, except the correlation bet%veen the possession of end-cells and 
the ability to flash. Moreover, there is no proof that oxygen limitation 
operates directly to control luminescence. On the other hand, there exists 
also the hypothesis of direct nerve action, which explains known phe¬ 
nomena as satisfactorily as the end-cell theory. This hypothesis is 
supported by the fact that intensity of luminescence varies to some extent 
with intensity of stimulation in forms without end-cells, and by a variety 
of other suggestive but not “air-tight” experiments, particularly those 
of Bellesme, Steinach, and Snell. An obvious question is whether there is 
any possibility of reconciling the two ideas, so that the presence of end- 
cells is explicable while the apparent physiological advantages of direct 
nerve action are retained. 

* As an additional refinement, it could be assumed tliat the rounded body may also contract 
(close) initially in response to a brief stimulation by anesthetics. This would explain 
Gerretsen*s observation of an initial transitoxy suppression of luminescence by anesthetics, 
which Maloenf used as an argument against the mechanical control of flashing. 
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An ostensible reconciliation was achieved in Briicke’s (1881) suggestion 
that oxygen exercises control indirectly, no luminescence occurring when 
the direct nerves to the photogenic tissue are kept anaerobic. There is 
little anatomical support for this idea, nor is it easy to reconcile with, 
e,g., the hypoxic glow. Furthermore, it apparently requires a second set 
of “indirect” nerves for regulating the oxygen {e.g.j via end-cells). 
However, the possibility of reconciling the two major hypotheses of control 
is so alluring that it is to be hoped that some further evidence will be 
adduced which points to an “indirect” function of the end-cell. 

On the whole, the strongest argument against direct control of 
luminescence by oxygen is the fact that no other similar mechanism is 
known. It is true that rapid metabolic responses are, as yet, very 
imperfectly understood, but in the few instances which have been at 
least partially worked out (nerve, muscle, activation of dormant respira¬ 
tion), all the evidence points to enzymatic activity as the physiological 
“trigger” which sets off the reaction. Such enzymatic activity, in other 
words, appears to be the usual method of bringing about metabolic 
changes which are sudden and complete. There is no point in attempting 
to propose any specific mechanism in regard to control of luminescence, 
while the analogous control of muscular contraction is still unclear after 
an immense amount of good experimental work. However, it can be 
anticipated that the study of enzymatic inhibition and activation in the 
luminescent system will prove to be a fruitful field in future research on 
the control problem. 


SUMMARY 

In spite of the many morphological and physiological data w’hich con¬ 
cern luminescence in the firefly, there seem to be surprisingly few 
unequivocal major conclusions which can be drawn. This is due partly 
to the many differences which exist between various species of fireflies 
and which often make generalizations impossible, and partly to the fact 
that our knowledge is seriously deficient in many essential points. Among 
the generalizations which can be made are the following: 

1 . The luminous organs of fireflies vary greatly in size, shape and 
position, and with sex and developmental stage. 

2 . Firefly light organs can be divided into six histological types: 
(1) those with no specific tracheal supply; (2) those in which the, 
tracheae show tree-like branching and in which a “reflector” layer internal 
to the actual photogenic tissue is lacking; (3) those like Type 2 except 
for having a “reflector” tissue; (4) those in which the tracheae run 
through the reflector layer, branch out in the interface between reflector 
and photogenic layers, and terminate in “tracheal end-cells” from which 



460 


ANNALS NEW YORK ACADEMY OF SCIENCES 


minute tracheal capillaries or tracheoles run into the photogenic tissue; 
(5) those like Type 4 except that the tracheae branch within the photo¬ 
genic layer before terminating in end-cells and tracheoles; (6) those in 
which the tracheae run vertically through the photogenic layer in tissue 
rods called “cylinders*^ which contain the tracheal tvvigs and usually 
end-cells, and from w^hich the tracheoles pass into the photogenic tissue. 
This sixth type occurs in most of the common adult American fireflies, 
while the third type is characteristic of firefly larvae. 

3. The reflector layer has been shown to differ chemically and mor¬ 
phologically from the photogenic layer. No clear-cut evidence has been 
adduced as to the function or functions of the reflector layer, although 
numerous writers have postulated metabolic connections between it and 
the photogenic layer. 

4. The location and morphology of the tracheal end-cell, and the 
fact that it is the chief site of reduction of inspired osmium tetroxide 
vapor, have engendered many suggestions that it functions in controlling 
the oxygen used in luminescence. However, tracheal end-cells, of which 
there appear to be at least two types, show no conclusive morphological 
evidence of being able to function in the way postulated. 

5 . Microscopic observation has shown that the light originates in the 
photogenic cells. The granules which are a characteristic feature of 
these cells are almost universally regarded as being the source of light, 
but no morphological evidence exists which confirms this assumption, 
nor the view, held by some investigators, that the granules are symbiotic 
luminous bacteria. 

6. The anatomical course of firefly tracheoles strongly suggests that 
they function in conducting air to the photogenic tissue, and there is 
strong inferential evidence of the normal presence of air in the tracheoles, 
although this has not been demonstrated directly. Great variation exists 
in different organs, but in the most complex type the majority of evidence 
indicates that the tracheoles pursue an intercellular, rather than intra¬ 
cellular, course and anastomose directly with tracheoles from adjacent 
cy’linders. 

7. Nerves to photogenic cells or end-cells, or both, have been des¬ 
cribed. Experimental evidence indicates strongly that the nervous sys¬ 
tem, while not necessary for the production of light, does play an essential 
role in the control of luminescence in the normal living firefly. No 
conclusion can yet be drawn as to whether the nervous control is exerted 
directly upon the photogenic tissue, or secondarily (by way of the oxygen 
supply, for example). However, there is considerable evidence suggestive 
of die former. 
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8. By silver nitrate impregnation, a structure can be demonstrated 
which resembles an ultra-tracheolar network of tubules connecting 
neighboring tracheoles. 

9. The normal types of light-emission in various fireflies fall into four 
increasingly complex classes: (a) the continuous glow; (b) the inter¬ 
mittent glow; (c) the pulsation; (d) the flash (of which there are 
several types). If various kinds of fireflies are arranged in order of 
increasing complexity of the air-supply to the photogenic organ, that 
order corresponds well to the above sequence of complexity of light- 
emission. 

10. In the more complex types of firefly luminous organ, there are 
many thousands of photogenic units, each of which is active for a few 
hundredths or perhaps thousandths of a second. 

11. Several hypothetical mechanisms for intracellular control of 
luminescence have been proposed. 

12. It is probable that neither water, luciferin, nor luciferase is a 
limited reactant in the normal control of lu m inescence in the firefly. 

13. It is certain that oxygen is essential for continued luminescence, 
md possible that it is the regulated reactant in the control of light- 
^ 'oduction in the firefly. 

14f. The spiracles have no causal connection with the control of 
normal flashing, or of glows caused by various experimental treatments. 
It is likely, however, that spiracular opening is prerequisite to long- 
continued luminescence. 

15. The “internal control” of luminescence responds in a graded, 
rather than in an all-or-none fashion, and over-compensates in “opening” 
in response to lowered oxygen, 

16. The simplest assumption in regard to the normal states of both 
spiracles and internal control is that they are in tonic contraction (closed). 
Partial anoxia, anesthesia and similar treatments would, thus, produce 
a relaxed (open) condition, permitting luminescence. 

17. There is no anatomical evidence specifically identifying the in¬ 
ternal control with the tracheal end-cell, although in the more complex 
types of firefly organ, where luminescence can be controlled rapidly, there 
is strong indirect evidence that the tracheal end-cell is concerned in con¬ 
trol. However, firefly larvae, which lack end-cells, exhibit internal control 
of glowing similar to that in adults, indicating that end-cells need not be 
concerned with glow control even if they are concerned in flash control. 
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18. Some theoretical implications of the hypothesis that light-pro¬ 
duction is controlled by competition for oxygen between the luminescent 
reaction and respiration are discussed. 

19. The hypothesis that access of oxygen to the luminescent tissue 
is controlled by changes in the fluid content of the tracheoles^ is discussed 
and found to be deficient in some respects. 

20. The hypothesis that oxygen access is limited by a valvular action 
of the tracheal end-cells is discussed in detail and found to accord well 
with what is actually known at the moment about control of flashing in 
the firefly. Like others^ however, the end-cell hypothesis requires the 
use of a number of assumptions which, so far, it has been impossible to 
test experimentally. 

21. Arguments are presented for regarding enzymatic mechanisms as 
better fitted than oxygen regulation for the rapid and complete control 
of luminescence. 

Almost all of the w’ork reported in this paper was concerned, either 
directly or indirectly, with the general question of what mechanisms, 
external to the photogenic cell, affect its luminescence. In considering 
the possible trends of future work in this field, it seems clear that impor¬ 
tant new departures cannot be expected until definite solutions are 
obtained to a number of long-recognized basic problems. Most of these 
problems center around the question of whether the photogenic cell 
is stimulated by direct nerve action, presumably in an environment 
always adequate in oxygen, or whether the stimulus which sets off 
luminescence is the passage of oxygen into the cell. 

As already related, it has so far been impossible to devise a physiological 
experiment by which the respective effects of nerve action and of oxygen 
can be separated with certainty. One of the most promising future 
experiments is the simultaneous recording of light-emission and of the 
spontaneous action potentials of the central nervous system. Yet, even 
if a, good correlation were foimd between the potential pattern and 
luminosity, direct nervous action would not be proved. It could be 
argued that the nerves had been stimulating some indirect agency, such 
as the end-cells, w^hich, in turn, brought about direct stimulation of the 
photogenic cell by oxygen. Another significant type of approach involves 
a careful physiological study of two species of lampyrid fireflies, one of 
which has end-cells and the other has not. 

The most direct lines of attack, at the moment, seem anatomical. 
Conclusive establishment of the ultimate terminations of the nerves to 
the photogenic organ, if carried out both in fireflies with end-cells and in 
those without, might go far in resolving the present impasse. Con¬ 
versely, any C}1:ological evidence bearing on the structure and activity of 
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the end-cells and tracheoles in the living photogenic organ, both in the 
luminescent and non-luminescent state, could hardly fail to be significant. 
Likewise, evidence that end-cells can regulate oxygen rapidly in non- 
luminous insects, would be of great value. Furthermore, it would be of 
at least theoretical interest to calculate the potentialities of gaseous diffu¬ 
sion, flow, and pressure, in supplying air to the photogenic tissue through 
conducting systems of the known anatomical dimensions. 

Further important information on the possibility of direct nerve action 
might be obtained by carefully controlled experiments on electrical stimu¬ 
lation of the nerve cord, with special reference to the relation between 
length or strength of stimulus and total resulting luminescence, total 
luminescence in relation to oxygen tension, and total luminescence in 
relation to length^ of preceding anaerobiosis. Oxygen tensions used should 
be kept within the range of 100 to 300 mm., in which many physiological 
reactions remain constant, and particular attention should be paid to 
fireflies lacking end-cells. 

Finally, the simplest and most important desideratum in future work on 
fireflies is improvement in the design of experiment. It cannot fail to 
impress anyone familiar with the literature, that an enormous amount of 
work has been weakened or negated by failure to observe such elementary 
methodological precautions as the use of adequate controls, frequent 
repetitions, the variation of only one experimental factor at a time, and 
appreciation of the range and frequency of the normal and experimental 
variation of the material. 
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FIGURES 141 
Key 

G, cylinder; CM, cell membrane; CU, cuticle; DZ, differentiated zone of photo¬ 
genic cytoplasm; EC, tracheal end-cell; EN, end-cell nucleus; EP, end-cell process; 
FB, fat body; M, muscle; N, nerve; NE, epithelial cell nucleus; O, region where 
osmium has reduced in the photogenic c>toplasm; P, photogenic layer or tissue; PC, 
photogenic cell; PN, nucleus of photogenic cell; R, reflector layer; RC, reflector cell; 
S, “rounded body’—apossible sphincter; T, trachea; TE, tracheole; TW, tracheal 
twig. 

Unless otherwise specified in the figure legends, the preparations used for the 
photomicrographs are 10-micron sections, stained with Delafield’s hematoxylin and 
eosin. Fixation was with Bouin’s fluid, except for the preparation for figure 32, 
for which hot Bouin’s was used. Detailed techniques will be published elsewhere. 
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Figubb 1. Outline diagrams showing positions and sizes of photogenic organs in repre¬ 
sentative fireflies. Photogenic organs indicated in solid black. Numbers refer to abdominal 
segments. Ventral viewh, unless otherwise noted. Sizes are variable and not shown to scale, 
but normal size of Phengodes (s) is about 40 mm., Pyrophorus 25 mm., entire “average" 
firefly 10-15 mm. a, Photimia aeintUlanSi male; b, Photinua sctnttUans, female; o, Photuria 
pennaylvanica, larva: d, Diphotue montanua, male; e, PJioturia pennaylvanica, female: 
f, Imekila ehinensia, mde; g, Jjucwla cruciata, male; h, Ludola luaitanica, female; 1, Luctola 
sp., male; j, Lueiola latertdia, male; k, Pyroeoelia ru/a, female; 1, Lecontea lucifera* female; 
m. Pyrophorua noctilucua^ dorsal; n, Pyrophorua noetHucuat ventral; o, Lamprorhiaa 
{Lampyria) aplendidula, female (the num^r of lateral organs is quite variable, according 
to Vog^, 1922); p, Pkauaia mvlaanti, female (the number of lateral organs is variable); 
q, Pkauaia Delarouzaei, nymph, dorsal; r, Lampyria nootUiLca, female; s, Phengodea sp., dorsal. 
Figures a, b. c, and e after Hess (1920). Figures f, g, i, j, k, and 1, after Okada (1985 b). 
Figures b, h, p, and q, after Bugnion (1929). Figure o, from various sources. Figure r, after 
Bongardt (1903). Figures d and s, original. Figures m and n from Seaman (1891). 


FioUBBS 2-7 (see oppoaite page). 

FiGUfiE 2. Two end-cells from male of Lamprorhiaa aplendidula, Osmic acid vapor impreg¬ 
nation; z 650. After Bongardt (1908). 

Figuse 8. Tracheal end-cell from Phoiiivua rnarginellaUia, Osmic acid impregnation; 
X 1700. After Gelpel (1915). 

Figure 4. Diagram of Type 4 arrangement of tracheae. End-cells at boundary between 
reflector and photogenic layers, with tracheoles extending into latter. After Dahlgren (1917). 

Figure 5. Diagram of Type 5 arrangement of tracheae. Trachea branching into interior 
of photogenic layer and there terminating in end-cdls. After Dahlgren (1917). 

Figure 6. Arrangement of end-cells and nerves in the light organ of PkoUnua margineUatua, 
After Gelpel (1916). 

Figure 7. Gross section of the light organ of adult Photuria pennatjlvaniea. After Hess 
(1922). (Contrast with figure 11. 
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Figurc S. Larval organ of Pho^pluteinut hemipteriis from caustic potash preparution to 
show tree-like branching of tracheae. After Bongardt (1903j. 
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Figures 11-14 (see opposite page ). 


Figure 11. Composite diagram of end-cell and cytoplasmic structure from Figures 11, 16 
and 20 of Dahlgren (1917). Lower end-cell more heavily impregfnated with osmic acid 
upper, and showing "'fibers” in its cytoplasm and a “rounded body” (s) with postulated 
constrictor powers. Founded photogenic granules in upper cells of male type; rod-shaped 
granules in lower photogenic cell of female type. 


Figure 12. Cross section of light organ of Pyrophorus. After Dubois. 


Figure 13. Diagram of horizontal section through light organ of PhoUnus margindlus 
to show “rosette” pattern of tracheolar .anastomoses between cylinders. Diameters of 
tracheoles exaggerated. Upper two cylinders show terminal brushes of tracheal twigs, lower 
s^ws nuclei of tracheal epithelium and end-cells; approx, x 1000. Partly after two figures 
of Townsend (1904). 


B^gure 14. Cross section of light organ of female of Photuris pennsylvanioa from osmic 
acid preparation. After Lqnd (1911). 
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Plate 1 

Figure 15 Phengodes sp Longitudinal section of lateral luminous organ, 
X180 Large oenocyte-like photogenic cells loosely aggregated in a fold of the 
external cuticle The photogemc cells are apparently sightly shrunken 

Figure 16 Phnxothnx sp Gross section of lateral luminous organ, X200 
Oigan IS situated amid fat-bodies beneath the dorsolateral cuticle Clear spaces 
between photogenic cells are small tracheal branches 

Figure 17 Photuns pennsylvantca Cross section of luminous organ of larva, 
X180 The two white dots at the apex of the photogenic layer are cioss sections of 
tracheae Ventral cuticle shghtly retouched 

Figure 18 Pyrophorus plagiophthdmus Cross section of abdominal organ, 
X250 

Figure 19 Diphotus montanus, female Gross section of part of luminous 
organ, X250 The sepintion between photogenic and reflector hyers is an artifact 
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Plate 2 

Figure 20. Photuris jamaicensis, female. Cross section through^ entire 
abdomen, to show location of light organ on the ventral surface; X25. Note the 
high concentration of large tracheae on the internal surface of the reflector layer. 

Figure 21. Photinus xanthophotis catherinae, male. Horizontal section through 
photogenic organ, to show the tracheal trunks arranged in triangular symmetry and 
the “rosettes'* of photogenic cells around each; X96. The nuclei of the photogenic 
cells are arranged approximately equidistant from adjacent cylinders. The^ nuclei 
grouped close around each trachea belong mainly to tracheal end-cells, which are 
particularly abundant at the ventral surface of the organ (see also figure 39,. 
Compare with figures 22, 29, and 36. 

Figure 22. Photinus euphotus, male. Horizontal section through photogenic 
organ, showing “rosette** arrangement of photogenic cells around the cylinders. 
X540. This view also shows end-cells, tracheoles, cylinders, and the difTerentiated 
zone of the photogenic c\toplasm. Compare with figures 21, 29, and 36. 

Figure 23. Photinus pyrails, male. Cross-section through light organ: X25U 
This organ is characterized by large tracheal trunks, long narrow cylindei*s, photo¬ 
genic and reflector la)ers of approximately the same thickness and number of cell 
layers (7 or more). One or two of the most internal of the photogenic cells show a 
lighter c^oplasm, such as has been described for “transition cells" between the 
photogenic and reflector layers (page 406). Compare wdth figures 24, 25, 26, 31. 
32, and 35. 

Figure 24. Photinus synchionans, male. Cross-section through light organ: 
X250. This organ has narrow tracheae, and photogenic and reflector layers each 
about 5 cells thick. Compare with figures 23, 25, 26, 31, 32, and 35. 
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Pl4TE 3 

F oLRi- 25 Pi 0 u i a a ceis nalt Cioss section through luminous oigan 
\250 H th s spec cs, t^^t pho ogenic h\e is usualh thinnei than the reflector, 
nd the c\lnders aie ofttn gie'^th ed the \ential (and often the doisal) 
surface of the photceenic 1 \e Como^ie with figures 23, 24, 26 31, 35, and 
s'Dcc alh 32 

F OLPE 26 Plio ? us It male Cross sect on thioujfh photogenic oigan 
\230 SptcalUs^ ntd fiist method of Se\t.i ngbnus to'accentuate the diffeien 
pted zone ot the photcstnic cells \l«o shows c\l ndtis expanded in the intenoi 
of the photoeei c la c , i.i d t acneolts Compaie with FiGLREb 2 , 24, 25, 31, 
^2, and 5 

FiGc’?e 27 PI 0 inus pa Itns male Thite scpaiated c^hndels from osime acid 
1 aceiation picpaiat o*^ \a0tJ The end cells sho v \ aixing degiees of impregnation 
lom hght n the unpei Odit of the i ght hand c\l ndci to heav\ (in the upper 
Dait of the le^t-hand c\lind'"i \ few tncbeoles show n uppei left and lower light 
Note the pio^us on o^ ti '"hc'^l twies and end cells 

Figure 18 PI o is t male Nc tnl suilace \iew of photogemc organ 

viiich has been fieshh peeled off \500 The brushes of tiacheae and twigs aie 
pccialh prefusc at t' e s i act, s nee the c^l ndtxs usualh flaie theie Daik ‘ wall** 
of c\lindeis be tb diftei'^n lated zone ot the photogenic c\toplasm Compare 
Mth figikls 2Q ^ Id 8 

Figurl 2^ PJo i IS *1 male Nciti'^l \iew of photogemc organ which 

ie*s been peeled eff '^nd pai^h diitd \7^0 Detpti focal le\el than figure 28 
Note tncncoles lur irsr b wetn contujuoub c\lmders (se\eial anastomoses aic 
isiblc Oiigin ot tiatherles with n c\hnd i \ sible m the cential c\l ndei and the 
one to the left of t Compaie w th FiGURiiS 28 and 38 

FigL'vE 3U Phot nus path is male L'^tenl mcw ot teiminal pait ot tiacheil 

nunk ot c\lirdM, fioii t esh bi^eai \500 
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? L\rh 4 

Fiolre 31 Photinus evanescens montego male Cioss section through photo- 
gemc oigan, X920 This spccits his a \er> thin photogenic layei, with e\tia- 
oidmanly bioad c\linders \t least 7 end cells show on the light edge of the 
c\linder in the centei, and onl\ three photogenic cells judged fiom the numbei of 
nuclei) Xote also the sharp delimitition of end cell cytoplasm and photogemc 
r\toplasm The diffeientiated zone of the photoeemc c\toplasm, tiacheal twigs, 
md sevrial tracheoles show as well Nuclfi of both end cells and tiacheal epithehal 
cells occur in the olinder Compare with holres 23, 24, 25, 32, and 35 

Figire 32 Photuns pennsyLnnico male Cioss section of photogenic organ 
\620 This figure shows the end cells with their tapering processes, but tiacheolcs 
HP not visible In the lowei light, wheic the end cells are cut tiansveisch, note 
thit each has 4 piocesses "Note also end cell piocesses enteimg the photogemc 
\toplasm fiom both suifaces of the photogenic la'sei Nuclei of end cells not 
distinguishable tiacheal pp thclnl cpIIs Compaip with figures 23, 24, 25, 31, 
ind 35 

Figures 33 and 34 Photuns jat aicensis mile Hoiizontil section of the 
photogenic organ impiegnated with siKei nitrate X2300 These figures illustrate 
the delicate netwoik which luns on th( mtfihcf s between the photogemc cells and 
binds contiguous tiarh(oles togethfi 
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Pl\t£ 5 

Figure 35. Photuris pennsylvamca, female. Cioss-section thiough photogenic 
organ; X830. This figure shows cell membranes (running vertically along which 
appear cross-sections of tracheoles. Note also that the photogenic layer is only one 
cell tiiick and that its cells are very thin. No cylinder shows in this view. Compare 
with FIGURES 23, 24, 25, 31, and 32. 

Figure 36. Phoiinus pallenst male. Ventral surface view ol silvci nitrate 
smear; X630. The membranes of the photogenic cells are seen running radially 
from the cylinders in a rosette pattern. Tracheoles viewed end-wise appear as 
small circles strung along the membranes. Compare with figures 21, 22 and 29 

Figure 37. Photinus pallensj male. Osmic acid smear, showing isolated 
cylinder tissue with tracheae and lightly impregnated end-cells and tracheoles, 
X500 Ongm of two tracheoles tiom one end-cell, and probable anastomoses, are 
visible. 

Figure 38. Photinus py rails^ male. Ventral view of partly dried photogenic 
organ, at level closer to surface than that shown in figure 29; X790. This view 
shows the mode of origin of the tracheoles from the ends of the tracheal twigs 
within the cylinders. End-cells and other cynological details are invisible, since the 
preparation is unstained. 

Figure 39. Photinus xanthophotis catherinae, male. Vential surface view oi 
organ peeled off after impregnation with osmic acid vapor: X425. This view shows 
the profuse brushes of end-cells which ciowd the cylindeis at the ventral surface 
where they flare. Note profuse tiacheolar supph with manv inter-cylinder anas¬ 
tomoses. 

Figure 40. Photmis jatnaicensLi male. Cluster of end-cells fiom terminal 
brush in flared ventral region of cylinder, from osmic acid smear; X500 

Figure 41 String galvanometer record of single spontaneous flash ot Photwis 
pennsykantca. Vertical axis, light intensiU in aibitiar\ units, horizontal axis, 
time in 0.04 sec. intervals From Snell, 1932. 
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INTRODUCTORY REMARKS 

By Gregory Shwartzman 

Division of Bacteriology, Laboratories of the Mount Sinai Hospital, New York, N, Y, 

In opening the Conference on Hemorrhage, I should like to extend 
greetings to the members and guests of the Academy, and to welcome 
the distinguished scientists whose willingness to make contributions assures 
the success of our efforts. I shotJd also like to express our gratitude to 
the Council of the New York Academy of Sciences, to Mrs. E. T. Miner, 
Executive Director, and Dr. Ross F. Nigrelli, Chairman of the Section of 
Biology, for making this conference possible; and to Drs. Charles H. Best, 
George R. Minot, and Donald T. Van Slyke for accepting the chairman¬ 
ship of the sessions and advising on the organization of the program. 

It becomes obvious upon looking over the long list of highly valuable 
conferences held by the Academy in the past that its basic policy is to aid 
in the correlation of scientific knowledge and to promote the integration 
of recent information into broader perspectives. The Conference on 
Hemorrhage which is offered at this time was planned with the same 
objective in mind. Due to the vastness of the field, the Conference could 
not be made as complete as desirable. Certain highly competent investi¬ 
gators who rightly belong here fail to appear on the program. Due to 
unforeseen circumstances, such pertinent investigations as those concerned 
with dicumarol and vitamin C are not covered. It is also realized that a 
conference of this sort remains incomplete without consideration of prob¬ 
lems of erythroblastosis, cerebral hemorrhage, and the regeneration of 
formed elements of the blood and plasma following bleeding. The omis¬ 
sions are due, in part, to the fact that certain aspects have been already 
discussed at preceding conferences on Blood Grouping, Experimental 
Hypertension, and Some Aspects of Red Cell Production and Destruction, 
respectively.* Another factor is the fear that an attempt to present these 
topics comprehensively would have taken us into fields removed from the 
immediate scope of the Conference. 

In keeping with the policy of the Academy, the number of papers has 
been limited in order to permit ample time for comments. It is hoped 
that intimate and vivid discussions will accompany the following presen¬ 
tations and permit the free exchange of views which has become a valu¬ 
able tradition of these meetings. 


* See the following publications of the Academy: Annals 46(9): Special Publications ni: 
and Annals 48(7). 
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A REVIEW OF SOME BASIC FACTS OF 
BLOOD COAGULATION 

By John H. Ferguson 

Department of Physiology^ School of Medicine, 

University of North Carolina, Chapel Hill, North Carolina 

The Fundamental Clotting Process. Human blood plasma contains 
about 0.28 gm. per cent of the protein fibrinogen.^® The fundamental 
reaction of blood clotting is the conversion of fibrinogen from the state 
of colloidal solution (“sol”) to a semi-solid fibrillar “gel”, fibrin. 
Normally, this process requires thrombin, a natural specific coagulant 
which comes from another fraction of the plasma proteins. It is impor¬ 
tant, though not always easy, to distinguish between true fibrin and non¬ 
specific denaturation of fibrinogen. Using the dark-field microscope to 
detect the characteristic fibrin “threads” (or “needles”), we find that 
papain enzyme gives clots indistinguishable from thrombin-fibrin, whereas 
the chemical ninhydrin produces only the nondescript appearances asso¬ 
ciated with protein denaturation.®® Papain clots subsequently digest away 
(fibrinolysis). Thrombin-fibrin, however, is stable and does not usually 
show clot-retraction (syneresis), unless the reagents are contaminated 
with proteolytic enzymes of plasma or tissue origin. 

Critique of Data on Mechanism of Fibrin Formation. Papain is 
a crystalline proteolytic enzyme from the paw-paw fruit, used commer¬ 
cially in “tenderizing” meat. Certain venoms^^ and some bacteria®"^ are 
also said to clot fibrinogen directly. Ninhydrin is 1,2,3-indantrione 
(triketohydiindene) hydrate, especially associated with a color test for 
proteolysis developed by Abderhalden.^ An allegedly similar pseudo¬ 
clotting of fibrinogen is produced by chloramine-T, alloxan, and salicyl- 
aldehyde*^ (cf.®®). The unsatisfactory nature of these and other studies 
in which protein denaturation occurs, makes it impossible to give much 
credence to the views (1) that fibrin formation is a “denaturation” 
process,®® or (2) that certain oxidative reactions are fundamentally 
involved therein.®® Recent work®^ has demolished the experimental 
basis for attributing some proteolytic action to thrombin. Analogies with 
papain, and possibly with rennin (although the clotting of milk casein is 
wholly unrelated to blood clotting), have no factual significance. The 
enzyme concept of thrombin,^® therefore, is very insecure, and most of 
the facts fit equally well with a simpler approach via colloid chemistry.®® 
A very recent development along these lines is supplied by Mommaerts.'*® 
He seeks to explain the mechanism of the thrombin-fibrinogen interaction 
on the basis of Bungenberg de Jong’s ^^coacervation^^ concept.® A crude 
analogy may be made with reeds floating in a pond. Alone, or in isolated 
and haphazardly arranged bundles, these float in the suspending water. 
But if they are interlaced by cross-unions, a sufficiently firm mass is 
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formed to hold the bulk of the water within its mesh. Now, there is 
good physical evidence that fibrinogen and fibrin are “fibrous” proteins 
composed of molecules which, though large in size, are extremely elon¬ 
gated and slender (filamentous).^^ Even in fibrinogen, these are aggre¬ 
gated into colloidal micelles, while in fibrin the oriented aggregates reach 
microscopically visible size in the form of the typical “needles” and 
“threads”. If by some adsorptive or similar action, thrombin is able to 
affect the micelle orientation of fibrinogen and induce ^^coacervatiovf^ 
the mesh structure and “gel” character of the resultant fibrin are readily 
explained. The latest values for the “isoelectric point” of fibrinogen,^® 
at pH = 5.4, and for thrombin,®® at pH = 4.4, are compatible with a 
role of electrochemical forces in the postulated adsorptive phenomena,®^ 
but many other considerations {e.g.y salts) and factors {e.g., specific 
chemical bonds?) will need to be explored when our protein materials 
are sufficiently purified to justify the efforts that this will entail. 

Experimental Method of Studying Clotting Reactions in vitro. 

Despite much progress in recent years,®® few of the chemical agents 
concerned with the clotting process can as yet be isolated and determined 
with quantitative precision. We have long used a technique to circum¬ 
vent this in the study of basic clotting reactions in vitro.^^ Firstly, experi¬ 
mental conditions must be strictly standardized, since these colloidal 
reactions are greatly influenced by temperature, pH, salt concentration, 
general dilution and particular amounts of specific agents, adsorption, 
and other surface phenomena. Examples of the last include (1) the 
use of gum acacia (see “fibrinoplastic” agents) in the Iowa technique 
for prothrombin assay;®® and (2) the ability of “non-wettable” surfaces 
[eg,, silicone^®) to retard coagulation of the blood. Secondly, each 
reagent and combination of reagents must be subjected to sensitive con¬ 
trol tests, in order to rule out traces of impurities which may be signifi¬ 
cant in relation to their clotting properties. Finally, by confining experi¬ 
mental analysis to test-series conducted with the same batch of reagent, 
data are obtained which are of quantitative as well as of qualitative 
significance. The accurate measurement of time factors, especially clot¬ 
ting time (G.T.) is the key to these data, which will be illustrated with 
several examples. 

Relationship of Clotting Time and Relative Thrombin Concen¬ 
tration (Figure 1). When a series of thrombin dilutions is tested on 
a given fibrinogen solution, it is found that the stronger the thrombin, 
the shorter is the clotting time. Under favorable and perhaps limited 
experimental conditions, we may even demonstrate a linear relation 
between the graphic plot of reciprocal clotting time against relative throm¬ 
bin concentration. This is known as “the inverse law”, but it is not 
necessary to go into its technicalities®® to grasp the significance of the 
fundamental fact that a shorter clotting time means a more active agent, 
Le,, more thrombin. Taking the undiluted thrombin as a standard (100), 
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valid for the particular experiment, and referring to the C.T. values 
along the graph, the corresponding thrombic activity can be read off in 
relative percentages.^® 
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Figube 1. Bdation of clottins-time (for nwce fibrinogen) to varjrinsr concentration of 
thrombin* 

The Formation of Thrombin from Prothrombin. It is only neces¬ 
sary to inject a potent thrombin solution, say into the ear vein of a 
rabbit, and to observe the prompt intravascular coagulation, in order 
to confinn the rather obvious fact that active thrombin is not present 
in normal circulating blood. What the plasma does contain is a protein 
precursor, prothrombin, which can be isolated and made to yield throm¬ 
bin by appropriate activation procedures. 

Prothrombin Activation Gxjrves (Figure 2). In order to follow 
the activation process quantitatively, a mixture of prothrombin solution 
and activators is sampled at successive time intervals (incubation times). 
Each measured sample is added to a test fibrinogen solution and the 
clotting time noted. The graphical plot of these data is called a “pro¬ 
thrombin activation curve”.®^ The shortening clotting times indicate 
more and more thrombin being formed. The slope and position of the 
curve express the rates of thrombin formation. The point at which the 
curve levels off, t.e., shortest C.T., denotes complete (100 per cent) 
activation, a measure, therefore, of the relative amount of thrombin 
produced. 
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Inability to reproduce these curves exactly from one batch of materials 
to the next indicates that our reagents fall short of the requirements of 
pure biochemical entities. Nevertheless, the nature of the variability of 
the results offers a clue as to the type of impurities present. Thus, traces 
of natural activators, inhibitors, and proteolytic enzymes are suggested 
as common contaminants of prothrombin preparations. Technical diffi¬ 
culties in the purification of prothrombin are especially great, partly 
because of the problems associated with these impurities, and partly 
because of the very small amoimt (about 20 mg. per cent, accordbig to 
the latest estimates®®) of prothrombin present in plasma. 

THROMBIC MIXTURE = incubated at38®C= 



Figure 2. Prolhioznbin activation curve. 


Activators of Prothrombin, The conversion of prothrombin to 
thrombin depends upon certain specific “activators”: 

Calcium. The blood calcium constitutes about 10 mg. per 100 cc. 
of serum. It is partly ionized (Ca’*^) and partly in protein-bound and 
other nonavailable forms (in dtrated plasma, for instance) The exact 
nature of these complex equilibria, and often the time factors involved, 
have a definite bearing on certain coagulation problems, such as the 
need for a several-fold excess of the calcium ion depressing anticoagu¬ 
lants (ox^ates, citrates, etc.) to prevent clotting, and ffie ability to restore 
clotting with much less than the chemical equivalent of calcium salt 
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subsequendy added.^® The ability of trypsin to cause clotting in oxalated 
plasma is lost if the anticoagulant is increased.®® Active Ca ions^® are 
necessary for thrombin formation (first phase of clotting), but calcium 
is not essential for the thrombin-fibrinogen interaction (second phase 
of clotting). If too litde calcium is present during the experimental 
activation of a prothrombin solution, the thrombin formation is slow 
and incomplete. Too much calcium is inhibitory, due to certain non¬ 
specific salt effects. The minimum Ca++ requirement for clotting 
is well below any blood level encountered clinically.®^ No clinical 
anomalies of blood coagulation can be attributed to variations in the 
blood calcium, and therapeutic claims for administering calcium in hem¬ 
orrhagic disorders cannot be rationalized in terms of any known influence 
of calcium on the clotting mechanism. Calcium ion depressants, like 
oxalates and citrates, have long been used as anticoagulants. Added early 
enough (zone I, see figure 2, in our studies®^ on prothrombin activation), 
they tie up the free Ca ions and prevent thrombin formation. In the 
final phase (zone III), after thrombin formation is complete, oxalates 
or citrates, apart from minor non-specific salt effects, have no action on 
thrombic activity. Even the complete removal of calcium by electrodi¬ 
alysis does not inactivate the thrombin. In an intermediate stage (zone 
II), however, treatment with a large excess of oxalate or citrate progres¬ 
sively inactivates the thrombic mixture. Re-addition of calcium salt 
restores the activation. 

Our older experiments^® on this point have recently been confirmed, 
with some minor differences, in some experiments on highly purified 
prothrombin (figtoe 3), The facts are explained by the postulate 
of a calcium-containing intermediary complex (calcium-prothrombin- 
cephalin) appearing during thrombin formation. 

Thromboplastig Factors. The best prothrombin preparations are 
not activated by calcium salt alone, or, at most, only very slowly and 
poorly. There is evidently need for an additional activator which we 
may describe as *‘thromboplastic” without commitment as to its nature 
or mode of action.®® 

Phospholipid. The phospholipid cephalin is one, but not necessarily 
the only, such factor. Cephalin is abundant in plasma, including that of 
hemophiliacs,^'^ and can be isolated from the brain and other tissues in 
a state of reasonable chemical purity. We have always found that crude, 
^d (in recent tests) highly purified, prothrombin is completely converted 
into thrombin within a few minutes after the addition of optimal amounts 
of calcium salt and pure cephalin. Inadequate amounts of cephalin 
result in slow and incomplete thrombin formation. The final thrombin 
may be prepared completely free from phospholipid.® Owing to the 
avidity with which the ubiquitous phospholipids and metal cations (e.g., 
Ga), combine with proteins, no one has yet reported the preparation of 
prothrombin free from these activator agents. Nevertheless, there is 
good evidence that the protein-bound forms of these agents do not directly 
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participate, and that to form thrombin they must be present in the “free” 
or active state. The data, therefore, indicate that the phospholipid 
(cephalin), like calcium, participates via an intermediate, prothrom- 
bin-calcium-cephalin complex or compoimd. 

Thromboplastin (thromhokinase). While non-thromboplastic phos¬ 
pholipid-protein compounds imdoubtedly exist, recent workers^ have 


OXALATION 



Figure 8 . Effects of oxalation on thrombic activity. (Experiments with purified pro> 
thrombin at 26" G.) 1 

I. prothrombin activation without oxalate (control). 

n. prothrombin activation, with oxalate added to fibrinogen (control of second phase), 
in. thiomblc mixture oxalated 5 minutes from start (zone U). 

IV. thrombic mixture oxalated 80 minutes from start (zone lU). 
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isolated “thromboplastic lipoprotein”, of which the essential phospholipid 
component may not consist entirely of cephalin ® Our work, to date, has 
included only the crude aqueous tissue extracts long known as thrombo¬ 
plastin or thrombokinase, and study of these has led us in another direc¬ 
tion.®* Briefly summarizing, these agents require Ca+'^, are more active 
than cephalin or their isolated total P-lipids, and, imlike cephalin, they 
can (with Ga*^) form thrombin in the presence of heparin (see below) 
or in hemophilic plasma. 



(Experiments with purified pro- 


Fiqotb 4. ^Ceetft of trypsin on thrombin formation, 
tnrombin ana fibnnosrea.) - - — 

(rf* nonsB 2) for incnlatton times (l.t) at 2B‘C 

Sf 

I: ppottrombin + caloinm salt Wone). “ percentages, 

n: prothrombin + Ca + trypsin. 

M ixta re prothrombin + Ca + brain thromboplastin. 

Mixture IV • prothrombin + Oa -f* thromboplastin -f* trypsin. 




FERGUSON: BASIC FACTS OF COAGULATION 


493 


Tryptases. These additional thromboplastic actions (of thromboplastin) 
can be reproduced in vitro by adding a small quantity of crystalline 
trypsin (pancreatic enzyme) to the simpler Ga + cephalin thromboplastic 
system.®® Intravascular coagulation and anaphylactoid shock are dangers 
which preclude the use of trypsin in vivo,^^ Recent unpublished experi¬ 
ments (figure 4) with purified prothrombin confirm an important con¬ 
clusion previously reached, namely, that trypsin is not a thromboplastic 
agent in its own right, but merely catalyzes the actions of cephalin and 
calcium when thrombin is being formed in the presence of interfering 
proteins. Purified prothrombin is well activated by calcium and cephalin 
in the absence of proteolytic enzyme. But in the presence of other pro¬ 
teins that divert some of the cephalin and calcium, trypsin attacks the 
proteins and so mobilizes the activators for thrombin formation. Obvi¬ 
ously, this is of great importance in the natural clotting system, and natural 
proteolytic enzymes, serum-tryptase, are factors upon which to base 
an explanation of the initiation of clotting in shed blood.®^ 

The coagulation delay in hemophilia can be counteracted in vitro by 

(1) tissue thromboplastin, but not significantly by pure cephalin,^ 

(2) trypsin (thromboplastic enzyme),^®* or (3) “antihemophilic 
globulin,” in the form of Fraction I of the plasma proteins prepared by 
the Harvard laboratories.* The last is safe and effective in vivo^ but not 
the first two. Whether or not these data will lead to an interpretation 
involving the (thromboplastic) protease system^®* awaits further experi¬ 
mental elucidation. 

Lytic Phenomena. Natural tryptases have ordinary proteolytic ac¬ 
tions, including fibrinolysis and fibrinogenolysis (which we use for an 
enzyme assay method®® sensitive to 1:1,000,000 of a trypsin standard), 
also prothrombinolysis and thrombinolysis. Although essentially inde¬ 
pendent, these do encroach upon the coagulation problem, inter alia, in 
(1) preparation of protein clotting factors, (2) clot retraction and fibrin¬ 
olysis, (3) non-coagulability of menstrual blood, and (4) fibrin resolution 
within the body under pathological conditions.®^ t 

Clot-Inhibitors. Ill-defined classical terms like “antithrombin”,®» ^ 
“metathrombin”,®® etc., should be dismissed in favor of a return to the 
experimental analysis of clot-inhibitory mechanisms.®® At the present 
state of our knowledge, it is much safer to stick to non-committal descrip¬ 
tive adjectives like “antithrombic” and “antiprothrombic”, signifying no 
more than the fact that the respective inhibition occurs in the second or 
in the first phase of the coagulation reactions. Such data as approach 
the problem along the lines of colloid chemistry, with particular reference 
to adsorption phenomena, offer definitely useful leads. 

* Edsall, J. T. Adv. Pi*otein Chem, 8: 883. 1947. 

t With the aid of a ffrant from the John and Mary R. Markle Foundation, we are currently 
investigating the enzyme problem, and it may be mentioned that there are already experi« 
mental leads pointing to (1) an inactive enzsnne precursor (trsnptogen); (2) a kinase-l^ype 
activator (trriptokinase), an example of which is streptokinase,^ long zniscalled streptococi^ 
fibrinolysin;*'^ (8) inhibitors (antitryptase), of which we have found the pancreatic trypsin- 
inhibitor (a crystalline polypeptide) inhibitory to blood coagulation.®® The same is also 
true of a new crystalline tryi^in-inhibitor from soy-beans." 
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The best known natural dot-inhibitor is heparin,^7 believed to originate 
in the metachromatic-staining granules of the tissue basophils or Ehrlich 
“mast-cells”.*^® The singular is used for convenience, although it really 
represents a class of substances, having the general composition of 
mucoitin-polysulfuric-esters (i.g., complex carbohydrate derivatives), the 
molecular building stones of which are (1) glycuronic acid, (2) gluco¬ 
samine, (3) acetic add (?), and (4) sulfuric acid (ester-linked).^^ 

Heparin inhibits clotting both in vitro and in vivo.^^ Its modes of 
action are complex and depend upon the cooperation of a co-factor 
(heparin-complement), which is not yet identified but seems to be a 
component of the crude “albumin” fraction of the plasma proteins.®® 
Heparin, plus co-factor, is both antithrombic and antiprothrombic. 
Salmine (protamine) reverses these inhibitions both in vitro and in vivo^ 
By itself, salmine is antiprothrombic in the first phase and clot-aiding 
(fibrinoplastic) in the second.^® The term “fibrinoplastic” merely denotes 
a non-specific fadlitation of fibrin formation, shown by many colloids. 
In its &st-phase (antiprothrombic) actions, heparin {plus co-factor) 
shows quantitative antagonisms toward the thromboplastic factors.^^ 
Part of this may be a deviation of phospholipid^® probably to the heparin 
co-factor or other coagulation-inert proteins. Heparin alone, in un- 
physiologically large amounts, inhibits the ordinary proteolytic actions of 
trypsin,^®’ but it is not yet certain that this applies to inhibition of the 
“thromboplastic” action of natural (serum-) tryptase under physiological 
conditions. In vivo, heparin prevents the intravascular coagulation but 
not the anaphylactoid toxic effects of injected trypsin.®^ It is reasonable 
to conclude that a major part of the antiprothrombic action of heparin 
is directed against the activators of prothrombin. The possibility that 
some direct alteration of the prothrombin is also involved is suggested 
by some experiments, but requires confirmation on purer prothrombin. 

Heparin also lessens the agglutination and breakdown of blood platelets, 
but many facts, including (1) their quantitative insignificance, as com¬ 
pared with plasma sources of the clotting factors, and (2) the absence 
of coagulation delay in thrombocytopenic purpuras, argue against any 
real importance of ihe platelets in blood coagulation. Clotting is essen¬ 
tially a plasma phenomenon, which contributes one of the several defense 
mechanisms which the body can call upon when faced with the problem 
of hemorrhage.^ 
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SUMMARY 

THE REACTIONS OF BLOOD CLOTTING 
First Phase: Conversion of Prothrombin to Thrombin 
PROTHROMBIN PHOSPHOLIPID CALCIUM IONS 



PROTHROMBIN-CEPHALIN-CALCIUM 
“Intermediary” Complex 


THROMBIN 

Note: (1) Fully formed thrombin can be obtained free from calcium and phos¬ 
pholipid. 

(2) Small amounts of trypsin enzyme “catalyze” the above reaction. Natural 
serum-tryptase is probably essential for the reaction under ordinary 
blood clotting conditions. 

(3) Purified prothrombin, treated to minimize the effects of contaminating 
traces of accessory^ factors, also needs “accelerator globulin” (see 
Addendum) for rapid completion of thrombin formation. 

Second Phase: Conversion of Fibrinogen (Sol) to Fibrin (Gel) 
FIBRINOGEN THROMBIN 



FIBRIN 


Note: (1) These collodial reactions are influenced by: 

(a) temperature; 

(b) pH; 

(c) salt concentration; 

(d) concentration (dilution) of specific agents; 

(e) adsorption and other collodial factors, e.g., “wetting”. 

(2) The blood plasma is a potential source of all the clotting factors, but 
platelets and damaged cells and tissues may help, especially with regard 
to “thromboplastic” and “fibrinoplastic” factors. 

CALCIUM IN CLOTTING REACTIONS 

(1) Ca ions ordinarily essential. 

(2) Ca not needed for thrombin-fibrinogen reaction (second phase). 

(3) Excess Ca salt delays clotting: both phases. 

(4) Insufficient Ga'^'*' slows and lessens thrombin production (first phase). 

(5) Ca ion depressants (oxalates, citrates, etc.) in first phase; 

Zone I: prevent thrombin formation, 

Zone II: progressively inactive “intermediary”. 

Zone III: do not inactivate final thrombin. 

(6) Decalcification and recalcification involve complex equilibration of free and 
bound Ca, needing time. 

(7) No clinical variations of blood calcium significantly affect the clotting 
mechanism. 

(8) Ga"^, alone, is insufficient for thrombin formation. 
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PHOSPHOLIPID IN THROMBIN FORMATION 

(1) Natural cephalin is a “thromboplastic” agent, inactive alone, but active 
along with Ga^'^. 

(2) Prothrombin (crude), containing P-lipid but not (or poorly) activated by 
Ca alone, is quickly and completely converted to thrombin by Ga + cephalin. 

(3) Varying the cephalin concentration determines (a) rate, and (b) amount of 
thrombin formation. 

(4) Pure thrombin is phosphorus-free. 

(5) Cephalin is normally bound to protein, but can be deviated (freed) by 
heparin. 

(6) Cephalin is normal in amount and readily bound by protein in hemophilic 
plama. 

(7) The formula for cephalin is: 

GHa.OOG.R* 

GH. OOG.R* 

O 

II 

iHa—O.P.O. — GHa.CHa.NHa 

I 

OH 

i.tf., consisting of: 1. glycerol; 

2. fatty acids (R*); 

3. phosphoric acid; 

4. the nitrogenous base, ethanolamine. 

It is present in blood plasma and all cells and tissues, in fairly firm com¬ 
bination with proteins. 

THROMBOPLASTIN (THROMBOKINASE) IN THROMBIN FORMATION 

In general, thromboplastins (aqueous tissue extracts): 

(n need calcium ions to convert prothrombin to thrombin, 

(2) are more potent than cephalin or their isolated phosphatides, 

(3) act in the presence of considerable heparin, 

(4) reduce the clotting time of hemophilic plasma (in vitro)^ 

(5) often have demonstrable proteolytic effects. 

Specifically, lung lipoprotein (Chargaff et aL) : 

(6) is a very active “thromboplastic” agent, 

(7) on analysis, yields 

(a) cephalin and other lipids (? unknown thromboplastic phosphatide), 

(b) a de-fatted protein residue which is non-thromboplastic and may, e.g. 
with heparin, participate in clot inhibition. 

TRYPTASES IN RELATION TO CLOTTING 

(1) Tryptases (Oppenheimer: trypsin-like proteolytic enzymes) arc ubiquitous, 
e.g.j serum-tryptase, cell-tryptases. 

(2) Pancreatic trj^sin (crystalline) 

(a) in vivo, produces intravascular clotting and shock; 

(b) in vitro, clots plasma (1) oxalated (or citrated), (2) heparinized, 

(3) hemophilic. 

(3) Its mode of action is “thromboplastic” (Eagle, Ferguson). 

(4) Gurrent experimental data (Ferguson) suggest 

(a) details of trypsin action vary with purity of prothrombin; 

(b) trypsin aids but is not essential for thrombin-forming action of calcium 
cephalin (or thromboplastin) ; 

(c) trypsin is not thromboplastic in the absence of these factors. 
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TRYPSIN AND (POSTULATED) TRYPTASE SYSTEMS 


Precursor (zymogen): Pancreatic trypsinogen 

(crystalline protein) 

Activator (kinase): (1) enterokinase 

(2) mold kinase 

Active enzyme: Trypsin (crystalline) 

Inhibitors (anti-tryptic): Trypsin-inhibitors 

(1) pancreatic crystalline 
polypeptide 

(2) crystalline soybean inhibitor 


Plasma-tryptogen 

Tryptokinase^ 

(1) Streptokinase 
(strep, “fibrinolysin”) 

Serum-tryptase 

Antitryptase 


HEPARINS: MUCOITIN-POLYSULFURIC ESTERS 
Anticoagulant in vitro and in vivo 

Constitution: (1) glycuronic acid, (2) glucosamine, (3) acetic acid (?), (4) sul¬ 
furic acid (ester). 

Modes of action: heparin + co-factor (heparin-complement). 

In first phase —(a) anti-thromboplastic: (1) deviates cephalin, 

(2) inhibits tr^ptase (?). 

(b) anti-prothrombic (? lessens thrombin yield). 

In second phase— anti-thrombic. 

In whole blood — preserves and lessens agglutination of platelets. 

Note: (a) acidic heparin combines with basic protein or protamine. 

(b) protamine (e,g.^ salmine) reverses heparin effects, in vitro and in vivo, 

(c) sahnine, alone, is inhibitory in first phase but aids second phase of 
clotting. 


ADDENDUM 

Since this review has gone to press, evidence from several laboratories 
advances the highly significant idea that a hitherto unrecognized clotting- 
factor (“factor 5” of Owren,^^ “labile factor” of Quick,®^ “accelerator 
globulin” of Ware, Seegers, et alfi^) is an important accessory factor in 
the conversion of prothrombin to thrombin. Owren®^ describes a clinical 
case of severe hemorrhagic disorder apparently correlated with a specific 
deficiency of this new factor. When plasma or isolated prothrombin is 
stored under temperature and other conditions favorable to deterioration, 
loss of activity of the accessory factors as well as of the prothrombin itself, 
must receive due consideration.®* 
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DISCUSSION OF THE PAPER* 

Dr. A. L. Copley (New York University, New York, N. Y.): 

I believe that we should differentiate between (a) fibrin formation, 
and (b) gelation which comprises the third phase of blood coagulation. 
Fibrin precipitation without gelation can be observed in samples of 
blood or plasma made less coagulable with sodium heparin, physiologic 
saline, and silicone-treated surfaces recently developed by Jaques et aL^ 
or in hemophilic blood and plasma. Gelation is not necessarily dependent 
upon fibrin formation, as is generally believed. In Limulus blood which 
does not contain fibrinogen, I observed two phases of clotting: (a) the 
agglutination of amoebocytes, and (b) the gelation of blood, thus corrob¬ 
orating earlier findings by Leo Loeb. To my knowledge, the blood of 
Limulus polyphemus represents the most rapid clotting system of native 
blood. We found agglutination times to vary from 6 to 20 seconds. The 
initial gelation was noticed as early as 24 seconds and varied up to 55 
seconds.^ Calcium may accelerate gelation, as found in certain model 
tests using prothrombin, thromboplastin, and fibrinogen. 
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HEPARIN IN BLOOD CLOTTING AND THROMBOSIS 

By G. H. Best and L. B. Jaques* 

Department of Physiology, and Banting and Best Department of Medical Research, 

University of Toronto, Toronto, Canada 

To continue the discussion of the biochemical aspects of hemorrhage^ we 
have been asked to deal with the subject of heparin. In only one patho¬ 
logical condition^ namely, severe anaphylactic shock, is heparin found 
in suflScient amounts in the blood to increase the danger of hemorrhage. 
Even when the heparin content of the blood has been raised by injection 
of the material, it is surprisingly easy to control hemorrhage in Ihe normal 
individual. There remains, however, the problem of changes in the 
physiology of heparin during hemorrhage, which has not yet been 
properly studied. It is hoped that this discussion may throw some light 
on how to attack this problem. 

Heparin and Clotting in Vitro* Considering the effect on clotting 
when added to blood in vitro, heparin is most remarkable in its 
anticoagulant activity. One part of heparin will prevent the clotting of 
100,000 times its weight of blood. No other substance is as effective in 
this regard. Hence, starting with the original investigations of Professor 
Howell, many investigators have attempted to elucidate the mechanism 
of this action. As Brinkhous and collaborators^ have emphasized, pro¬ 
thrombin is present unchanged in heparinized blood, and hence, heparin 
must act in the first stage of clotting. Heparin also has an action on the 
second stage of clotting, its so-called antithrombin action. Due to the 
difficulties involved in studies of the first stage, this antithrombic activity 
has been more thoroughly investigated. As will be indicated later, there 
is a possibility that this antithrombin action may be an entirely separate 
property, and that argument by analogy applied to the action on the 
first stage of clotting may, therefore, be quite misleading. However, 
as Howell originally showed, heparin acts as an antithrombin only upon 
addition of a co-factor present in plasma. The conclusion of Professor 
Howell that this co-factor is distinct from plasma antithrombin has 
recently been completely confirmed by Astrup and Darling,^ and by 
Feisly and Enowicz.^ Dr. Ferguson has already referred to the signif¬ 
icance of plasma trypsin in blood coagulation. Horwitt^ and Rocha e 
Silva and Andrade® have shown that heparin inhibits crystalline trypsin 
and also serum protease. However, its activity in this regard is too low to 
explain its anticoagulant action. Rocha e Silva and Andrade have shown 
that heparin also inhibits the activation of plasma trypsin by trichloracetic 
acid. 

* Present address: Department of Physiology, University of Saskatchewan. Saskatoon, 
Canada. 
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One of the most marked actions of heparin is its reaction with pro¬ 
teins, first demonstrated by Fischer.® It is possible to demonstrate a reac¬ 
tion of heparin with almost any protein, provided a suitable method of 
testing is used.^ With casein, as shown in figure 1, the reaction can be 



Figubb 1. Effect of heparin on the isoelectric point of casein. 10 mg. of casein and 1 mg. 
of heparin in each 100 cc. of N/lOO acetate buffer. (From Best).^ 


demonstrated by the shift in the isoelectric point. Casein has an isoelec¬ 
tric point of 5.0. On the addition of heparin, the isoelectric point is 
shifted to 3.8. The reaction with protamine is of particular interest, 
since the fact that heparin has a greater affinity for protamine than for 
the plasma proteins ailows the use of the former for the determination 
of heparin in blood. It has frequently been suggested that the anticoagu¬ 
lant action of heparin is an extension of this reaction with proteins to the 
proteins of the clotting system. While undoubtedly this action is involved, 
such a view ignores the unique anticoagulant action of heparin. This 
is shown when the anticoagulant activity of heparin on whole blood is 
compared with its activity on various isolated fractions of the clotting 
system. Thus, Jaques, Waters, and Charles,® isolated crystalline samples 
of heparin from different animal species and found marked differences 
in the specific anticoagulant potency of the samples (table 1). However, 
these diJEferences were much less marked when the activity was compared 
for antithrombic action or action on the clotting of blood plasma, while 
the reaction with protamine and the dye. Azure A, was found to be 
identical. This is further stressed by the recent studies of Astrup and 
Galsmar® who used an assay system for heparin similar to the well-known 
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Table 1 

Comparison of the Relative Activities of Heparin from Different Species 


All activities were determined by direct comparison with a standard beef heparin 
preparation of 100 units/mg. (From Jaques, Waters & Charles) 


Species 

Protamine 

titer 

mg./mg. hep. 

Meta- 

chromatic 

activity 

units/mg. 

Antithrombin 

activity 

units/mg. 

Anti¬ 

prothrombin 

activity 

units/mg. 

Anti¬ 

coagulant 

activity 

units/mg. 

Dog 

2.1 

92 


250 

240 

Ox 

1.9 

92 


100 

100 

Pig 

2.2 

106 


60 

44 

Sheep 

2.3 

97 


41 

1 

23 


prothrombin time determination. In such a system, they found that the* 
synthetic polysaccharide sulfuric acids (sulfonated cellulose and sulfonated 
starch) show greater anticoagulant activity than heparin, although their 
anticoagulant activity measured on fresh whole blood is only 1/20 that 
of heparin. As we have already indicated, such observations raise doubts 
as to the value of conclusions regarding the mechardsm of the anticoagu¬ 
lant action of heparin based solely on studies of its antithrombic action. 

Heparin in vivo. WJ^en the clotting time of blood is determined with 
increasing quantities of heparin added to the blood on removal, as shown 
in FIGURE 2, there is little change in the clotting time until a certain 
limiting concentration of heparin is reached, after which the clotting time 



HEF¥^RIN CONCENTRATION (.UNITS^ 

Figubb 2. Relationship between clottins time and units of heparin added to blood in vitro. 
Blood samples taken from the exposed femoral vein of a dosr under pentobarbital anaesthesia. 
Clottinff times determined in the coaffulometer of Murray, Jaques, Perrett, & Best.*^ 
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increases very rapidly. The relationship between clotting time and heparin 
concentration is logarithmic, so that a linear relationship may be obtained 
by plotting on semi-logarithmic paper. 

On intravenous injection of heparin, the clotting time is prolonged pro¬ 
portionately to the dosage of heparin. However, the clotting time pro¬ 
duced with moderate doses of heparin in vivo is considerably greater than 
that obtained on mixing the same quantity of heparin with the blood 
in vitro. This is due to the fact that some time is required for heparin to 
combine with the clotting system of the blood, in order for it to exert a 
maximal effect. This has been confirmed by suitable experiments in vitro. 
For the same reason, with moderate doses of heparin, the hypocoagula- 
bility of the blood after a single injection does not reach its peak until 5 
to 10 minutes after the injection. The effect of a single intravenous 
^injection of heparin is shown in figure 3. 



UN/rS HERAR/N TIME AFTER INJECTION 

SEMI-LOG 

FiqijRE 3. The clotting time response to heparin m vitro and in vivo. Dog of 10 kgms. 
Clotting times determined in the coaguloraeter.sa At zero time, 30 units/kgm. were injected 
irt 'i\enou‘'ly. x— x, le pon-.e of unanaesthetized animal, o—o, response after anaesthesia with 
••odium pentobarbital (ibatal). 


The injection of 30 units/kgm. caused the clotting time to rise to a 
peak value of 34, five minutes after the injection. In thirty minutes, the 
hypocoagulability had disappeared and the clotting time returned to 
normal. The use of heparin has been suggested by de Takats^® and 
others as a test for hypocoagulability or hypercoagulability of the blood 
and. aho, as an indication of the need for anticoagulant therapy. The 
clotting time response to heparin in vivo gives us a heparin tolerance 
curve. Such a curve is due both to the state of coagulability of the blood 
itself, as well as to the ability of the body to dispose of heparin. For this 
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reason, we have, in recent years, used a combined test in our experimental 
investigations. The clotting time response to four levels of heparin (0, 
0.1, 0.2, 0.3 units/c.c.) added to the blood in vitro is first determined, 
and by the use of semi-log paper, a straight line is obtained. A single 
intravenous injection of 30 units/kgm. is then administered and the 
response in vivo measured. This is illustrated in figure 3, in which the 
effect of anaesthesia (with pentobarbital) on the heparin response was 
tested. It can be seen that this caused a decreased heparin tolerance, 
which, however, was due to a decreased coagulability of the blood, since 
the change in the response to heparin in vivo paralleled the change in 
vitro. 

As shown, the hypocoagulability due to a single intravenous injection 
of heparin wears off very quickly. What is the reason for this? There 
has been some debate as to whether heparin is excreted in the urine or 
not. Howell and Macdonald,Wilander,^^ and Copley^® have reported 
excretion, while Jaques,^^ and Reinert and Winterstein,^** failed to find 
any excretion. Recent studies by our group and by P. Astrup^® at 
Copenhagen, indicate the probable explanation for these differences. Both 
Astrup and Jaques find that with moderate doses of heparin (i.e., at 
moderate blood levels), only a small portion of the heparin injected is 
excreted. The renal threshold for heparin was determined in the dog 
to be at a blood level of 1-2 units/ml. 

At blood levels below the renal threshold, no excretion of heparin 
occurs. However, heparin disappears rapidly from the circulation, as 
seen in figure 3. That this is not due to excretion is also shown by the 
fact that nephrectomy has no effect on this disappearance. We have 
recently observed the excretion of a degradation product of heparin, 
which we have termed uroheparin, when the blood concentration is 
below the threshold. Uroheparin gives a metachromatic reaction like 
heparin but has a much lower anticoagulant activity. The conversion 
of heparin to uroheparin is probably due to the enzyme, heparinase, 
previously dcscribed.^'^ Astrup reports isolation of a substance similar to 
uroheparin from normal rabbit blood and from normal urine of both 
rabbits and human patients. In 25 patients studied, 4 showed an increase 
in the amount of this substance after operation. 

Since heparin is both destroyed rapidly with increased concentrations 
and also shows a low renal threshold, the use of single large doses intra¬ 
venously is a wasteful method of administration. Continuous intravenous 
administration was therefore recommended by the Toronto group when 
heparin was first introduced to clinical use. While we were not unmind¬ 
ful of the possibility of replacing this by a single intramuscular or sub¬ 
cutaneous injection, the possible dangers of a large quantity of heparin 
in a small localized area, seen experimentally, led us to avoid other types 
of administration. The use of subcutaneous and intramuscular injections 
of heparin has recently been developed. Walker^® reports that a satis¬ 
factory hypocoagulability of prolonged duration can be obtained by intra- 
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muscular injection. In'agreement with the experimental results of Jaques, 
Charles, and Best^*^ he finds that subcutaneous injections give a somewhat 
erratic response. Loewe^° has overcome this by the use of the Pitkin 
menstruum and has thus devised a subcutaneous method of administering 
heparin which apparently gives consistent results. 

Determination of Heparin. Since this conference is on hemorrhage, 
the interest in heparin is probably focused on its contribution to larger 
problems. Therefore, a discussion of its determination will be of value. 

The most satisfactory method is the isolation of the substance, prefer¬ 
ably as the crystalline barium salt, by the Charles and Scott procedure, 
and its identification by its specific anticoagulant activity on fresh whole 
blood. This is the only method available for the determination of heparin 
in tissues. In this connection, attention should be drawn to the original 
observations of Charles and Scott^^ on the sensitivity of heparin to acid 
and alkali, and also to the greater specificity for heparin of the method 
of assay which uses fresh, whole blood. The metachromatic reaction of 
heparin with toluidine blue (or preferably Azure A) is of limited value. 
It is relatively insensitive, and proteins interfere with it. Since the re¬ 
action is also given by inactivated heparin, it may be of value in studying 
the process of inactivation. For the determination of heparin in blood, 
the effect on clotting time is the most useful method. The nature of the 
relationship between clotting time and heparin already referred to means 
that clotting times can be used to measure heparin concentration in the 
blood only over a very narrow range of concentrations. We have found, 
however, that by suitably modifying the method of determination, par¬ 
ticularly in the procedure of taking the sample and the temperature of the 
determination, it is possible to standardize this method so that it is more 
or less sensitive to heparin. Taking ihe blood from an exposed vein or 
conducting the determination at low temperatures makes the determina¬ 
tion sensitive to lower concentrations of heparin. 

The titration of heparin with protanoine may be a useful method. The 
least amount of protamine which can reduce the clotting time to normal 
is determined. Our initial communication^^ has been frequently quoted 
as establishing a conversion factor of 3:1 for mg. of protamine/mg. 
of heparin. However, it should be appreciated that the conversion factor 
changes with different lots of protamine. Also, the reaction shows a 
simple mass law relationship,’’ and hence, the conversion factor is changed 
if the conditions of the test are changed. Thus, the use of equal volumes 
of blood and protamine solution, as originally recommended, m a rkedly 
increases the sensitivity of the determination. 

A method of determination of heparin in blood has been developed by 
Astrup and Darling,^ and by Volkert.^® This is based on Astrup’s accu¬ 
rate method for the determination of antithrombin. Applying this to 
rabbit blood, Volkert concludes that 20 per cent of the antithrombin 
present is heparin and that this constitutes the variable component. He 
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finds that it is possible to cause the disappearance of the variable com¬ 
ponent, or heparin, by the injection of India ink. 

Liberation of Heparin in the Body. One of the most important 
contributions to the study of heparin was the identification by Jorpes, 
Holmgren, and Wilander^^ of the mast cells as the heparin cells of the 
body. This localization of heparin in cells which are chiefly found in 
vessel walls, and in greatest numbers in tissues where marked disturbances 
to the blood by the ingress or egress of constituents is taking place 
lung, liver, intestine, thymus during involution; cf. Michels),^® in itself 
strongly suggests that the physiological role of heparin in the body is to 
prevent clotting of the blood in vessels where such clotting is initiated by 
the products of various physiological processes. The evidence that clotting 
in the vessels will cause the secretion of heparin from the mast cells, 
has been provided by study of the clotting system in anaphylactic and 
peptone shock. 

In 1909, Biedl and Kraus^® first reported increased clotting time of 
the blood of dogs in anaphylactic shock In 1940, Jaques and Waters^'^ 
reported the quantitative isolation of heparin from the blood of dogs in 
anaphylactic shock; Wilander,^^ in 1938, had reported its separation 
from the blood of dogs in peptone shock. Since a definite response to 
the antigen could be obtained in the absence of the liver while no libera¬ 
tion of heparin occurred, it is evident that the heparin came from the 
liver. This was also demonstrated by determinations of the heparin con¬ 
tent of the liver after shock. These results on heparin parallel the obser¬ 
vations of others on histamine, which is likewise released from the liver 
in anaphylactic shock in the dog. 

Regarding the mechanism that causes the liberation of heparin from 
the liver in anaphylaxis and peptone shock, it might be presumed that 
this is simply the anaphylactic response of the mast cells. However, 
Rocha e Silva and Teixeira^® obtained indications that it depends on 

Table 2 

Quantity or Histamine and Heparin Liberated by Peptone from the 
Isolated Dog’s Liver 

(From Rocha e Silva, Scroggic, Fidlar, & Jaques)." 




Perfusion fluid 

Histamine pg 

Heparin mg. 

11 

170 

Tyrode’s solution 

26 8 

none 

17 

402 

Tyrode’s solution 

38.0 

traces 

15 

140 

Blood in silicone 

417.7 

5 45 

14 

359 

Blood in silicone 

607.7 

8.15 

12 


Blood in silicone 

3313. 

165 

20 

470 

Blood in silicone 

8550. 

25.35 

17 

402 

Heparinized blood 

93.7 

1.75 

19 

365 

^^^fibrinated blood 

1162. 

not estimated 
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changes induced in the blood. This has been further demonstrated by 
the experiments of Rocha e Silva, Scroggie, Fidlar, and Jaques^® on the 
isolated dog liver. When peptone is added to Tyrode’s solution perfused 
through the isolated liver, no heparin and only a trace of histamine is 
liberated. When citrated blood and peptone are perfused, only small 
variable amounts of histamine and heparin are liberated (table 2). Re¬ 
cently, Jaques, Fidlar, Feldsted, and Macdonald®® have described a tech¬ 
nique using one of the silicone plastics, whereby blood can be preserved 
from clotting for several hours without adding any anticoagulant. When 
peptone is added to such blood before perfusion through the liver, enor¬ 
mous amounts of heparin and histamine are liberated. If, however, 
clotting of the blood is prevented by the addition of heparin to it, then 
the addition of peptone may not be effective in liberating heparin from 
the liver. As with the action of heparin on clotting (cf. above), and on 
thrombosis,®^ this inhibitory action of heparin is most marked if the 
heparin remains in contact with the blood for 45 minutes before testing 
the blood. These findings suggest that the changes in the blood which 
heparin prevents are likewise those which cause its secretion into the 
blood. 

Heparin and Thrombosis. It has long been debated whether throm¬ 
bosis is the same as intravascular clotting. The appearance of the so- 
called white thrombus as an almost pure mass of platelets has led many 
observers to make a marked distinction between a thrombus and a clot, 
with the former defined as an agglutination of platelets. However, Mur¬ 
ray, Jaques, Perrett, and Best,®® and also Best, Cowan, and MacLean®® 
were able to show that heparin could prevent thrombosis produced experi¬ 
mentally. The recent clinical data on the use of heparin have completely 
confirmed the original experimental findings. As a result of this, it was 
postulated that heparin may act independently to prevent platelet agglu¬ 
tination. However, as has been shown by Dale and Jaques,®** Richards 
and Cortell,®® and Bollman and Preston,®® dicumarol, which lowers the 
prothrombin level of the blood, is also effective in preventing thrombosis. 
Wright,®*^ and Spooner and Meyer®® have shown that platelet adhesive¬ 
ness is reduced at the same time. While these findings suggest that 
heparin and dicumarol act to prevent thrombosis by virtue of their anti¬ 
coagulant action, a direct effect on platelets is not ruled out. 

In this connection, it is of interest, as first shown by Copley and Robb,®® 
that many commercial preparations of heparin will cause agglutination of 
platelets in vitro and in vivo (table 3). This phenomenon has not yet 
been studied with heparin made from the same species. Piper^® has 
reported a similar effect with the synthetic polysaccharide sulfuric acids, 
which is not surprising when it is appreciated that intravenous injection 
of many colloids (cf. Roskam),^^ e,g., gelatin and glycogen, will cause 
platelet agglutination. The agglutination of the platelets by these sub¬ 
stances on injection results in a marked fall in the platelet count due to 
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Table 3 

Effect of Intravenous Injections of Heparin on the Platelet Count* 


Experiment 

Heparin 

units Ag* 

Minutes 

after 

heparin 

R.BG 

X lOVmm.* 

W.B.G. 

/mm.* 

Platelets 

X lOVmm.* 

Per cent 
agglu¬ 
tination 

22 


- 

5,588 

12,100 


0 



3/a 

5,594 

12,200 


56 

3 

500 

_ 

4,763 

9,400 

336 

0 




4,956 

8,000 

143 

59 



15 

4,781 

2,600 

148 

12 

24 

100 

_ 

5,794 

10,000 

295 

1 



5 

5,781 

5,200 

20 

24 



37 

5,981 

9,100 

228 

5 

25 

1500 


5,369 

8,500 

341 

0 



3/s 

5,363 

1,800 

15 

27 




6,013 

3,800 

115 

42 

■■null 


^3 

6,306 

9,800 

397 

0 




6,344 

3,800 

39 

48 




5,675 

3,800 

234 

27 




6,881 

14,000 

203 

21 

BHH 


6,400 

25,000 

191 

0 


* We are indebted to Dr. E. Pidlar for these unpublished data, 
t Continuous injection of 1 unit/kg /mm. 


the filtering out of the clumps of platelets in the capillaries. However, 
there are no symptoms arising from this clumping, and the clumps evi¬ 
dently disintegrate and return the platelets to the blood, since in one or 
two hours the count is back to normal. In such clumps, the individual 
platelet can still be identified. Evidently, the agglutination of platelets 
itself is not a serious phenomenon and may be a physiological process 
which occurs frequently. If agglutination proceeds to the stage of dis¬ 
integration with the release of various physiologically active substances, 
then formation of a thrombus will occur. We would suggest that it is 
at this stage that heparin and dicumarol act to prevent thrombosis. Rocha 
e Silva^^ has suggested that these same changes in platelets and leucocytes 
are necessary factors in the secretion of heparin by the mast cells under 
the influence of peptone. Until the effect of homologous heparin on the 
agglutination of platelets has been studied, the suggestion that the agglu¬ 
tination of platelets by heparin is of physiological significance in the repair 
process of slightly damaged blood vessels is not warranted. It is just 
possible, however, that heparin may be proved to have this action and, 
consequently, to exert the secondary effect of preventing the extension of 
the physiological process to a pathological one, i.e.^ to gross thrombus 
formation. It is also possible that the agglutination of platelets by many 
preparations of heparin is due to an impurity, and that this wll eventually 
be separated from heparin. Investigation of this problem is proceeding 
in our laboratories. 
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DISCUSSION OF THE PAPER 

Dr. Marjorie B. Zucker (Department of Physiology, College of Phy- 
sicians and Surgeons, Columbia University, New York, N. Y.): 

I should like to report some experiments which have been published 
recently in the American Journal of Physiology. Spontaneous hemostasis 
was studied in rats under nembutal anesthesia, by microscopic observa¬ 
tion of the mesoappendiceal venules and of die large branches of the 
superior mesenteric artery and vein which lie in the mesentery. When 
the muscular mesenteric vessels are nicked, vasoconstriction of the injured 
vessel and of the adjacent, parallel, uninjured vessel occurs near the 
injury. A plug of blood platelets, chiefly extravascular, forms at the site 
of hemorrhage. Fibrin is not histologically demonstrable in this plug. 
Bleeding ceases in about 2 minutes, but frequently recurs for brief inter¬ 
vals, perhaps as a result of the experimental conditions which prevent the 
formation of a fibrin clot in the wound. The hemostatic response of 
rats after abdominal sympathectomy does not differ from that of normal 
animals. 

Non-muscular venules in the mesoappendix do not contract following 
transection. When a dull blade is used, hemorrhage is usually entirely 
prevented, probably by closure of the vessel stumps by adherence of the 
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endothelium, by pressure of connective tissue fibers drawn over the cut 
vessel, or by stasis, which frequently occurs. Transection with a sharp 
blade is followed by bleeding which is arrested by the formation of a 
platelet plug. 

Rats with thrombocytopenic purpura induced by the injection of anti¬ 
platelet serum fail to form platelet plugs, since the remaining circulating 
platelets are incapable of forming thrombi. Bleeding from non-muscular 
venules or from large arteries or veins is not arrested. In the mesentery, 
the nicked vessels contract, but no contraction of the adjacent uninjured 
vessels occurs. This strongly suggests that in normal animals, this con¬ 
traction is induced by vasoconstrictor substances liberated from the 
platelet plug. 

In some rats, 30 to 45 minutes after the intravenous administration of 
laige doses of heparin (500 to 2250 units/kg.), no platelet plug forms 
at the site of injury to the mesenteric vessels, and bleeding is incessant. 
In other heparinized animals, and in rats in which the prothrombin 
level is markedly lowered by the administration of dicumarol, plugs are 
produced which are ineffective in arresting bleeding. The incised vessel 
contracts normally, but the uninjured vessel contracts only in the presence 
of a platelet plug. Experiments reported by Copley and Lalich suggest 
a difference in the mechanism of action of heparin and dicumarol on the 
bleeding time and clot resistance of mice, which was not apparent in my 
experiments. 

In conclusion, the experiments indicate that non-muscular venules do 
not contract when cut. When bleeding occurs, hemostasis is produced 
by the formation of a platelet plug, or bleeding may be entirely prevented 
by other factors. In larger vessels, hemostasis is produced mainly by the 
formation of a platelet plug. The contraction of nicked muscular blood 
vessels, which is apparently largely the result of mechanical stimulation of 
smooth muscle, is incapable in itself of arresting hemorrhage. The 
vasoconstrictor substances released from the platelet plug doubtless con¬ 
tribute to this contraction and, in addition, produce constriction of adja¬ 
cent uninjured blood vessels. 

Dr. Sylvan E. Moolten (St. Peter^s General Hospital^ New Brunswick^ 

N ].): 

EXTRACTABLE FACTORS IN THE SPLEEN AND OTHER ORGANIC 
SOURCES WHICH INFLUENCE THE BLOOD PLATELET COUNT* 

In connection with the foregoing papers dealing with a number of 
tissue factors concerned with the clotting mechanism and the behavior 
of blood platelets in circulation, it may be appropriate to discuss two lipoid 
substances which have powerful but mutually antagonistic effects on the 
platelet count. 

The existence of a hormone-like element in the spleen which restricted 
the rate of platelet production by megakaryocytes of the bone marrow 


♦This paper is aJso a discussion of the paper l>y Dr. Fersuson (see pages 486-500). 
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was surmised as early as 30 years ago by Frank,^ who termed it a 
“myelotoxic influence”. Torrioli^ and, more recently, Hobson and 
Witts® reported thrombocytopenic activity in watery extracts of normal 
spleen. Troland and Lee^ (1938) employed filtered watery suspensions 
of the gummy residue obtained when acetone extracts were evaporated 
to dryness. The spleens of three patients with thrombocytopenic purpura 
were assayed as well as other types of spleen, fibromyomatous uterus, and 
thyroid tissue. By intravenous injection of the extracts from the spleens of 
purpura, the authors obtained marked thrombocytopenia in rabbits and 
other animals, but negative results otherwise. Numerous other observers 
employing acetone extraction attempted to repeat their results and re¬ 
ported conflicting findings.®* ® Positive results were obtained with extracts 
of normal spleen and the spleen of various abnormal states besides pur¬ 
pura, and many negative results were reported. One observer reported 
a rise in platelet count in one of several experiments.® 

The present observations, reported in 1945,“^ originated the year before, 
when the spleen of a typical case of thrombocytopenic purpura 
was secured by operation. The histology of the spleen was noteworthy 
for the widespread hyperplasia of reticulum cells, especially about mal- 
pighian follicles where they also formed discrete nodules of epithelioid 
cells. Because of the presence of vacuoles in their cytoplasm, suggesting 
fatty substances, frozen sections were stained with Sudan IV and showed 
weakly staining sudanophilic globules. 

Part of the spleen was subjected to acetone extraction. Four-fifths of 
the brownish gummy residue after acetone removal was shaken with 
distilled water and filtered. The milky filtrate (Troland-Lee extract), 
injected intravenously, caused a slight rise in platelets, followed by a fall 
wHch was maintained by successive doses until the fourth day, when the 
rabbit died. The filter-paper residue (discarded in experiments by 
previous observers) was given in peanut oil to another rabbit in successive 
intramuscular injections. The fall in platelet count was much more 
marked and sustained, but the count rapidly returned to normal when the 
injections were ended. The remaining fifth of the original acetone 
residue was extracted with ether and given in peanut oil to another rabbit 
in a single dose. An immediate thrombocytopenic effect was pronounced, 
and thrombocytopenia persisted in diminishing degree for several weeks. 
The ether-insoluble, water-soluble residue was without effect. 

Having satisfied ourselves that the active substance, previously named 
“thrombocytopen” by Troland and Lee, was associated with the cell 
lipoids of this spleen, we sought evidence for its existence in normal 
spleen. Thrombocytopen was detected, though in smaller amounts than 
in purpura. The active substance was found to produce its quickest and 
most consistent response when given in aqueous suspension intramuscu¬ 
larly. Several rabbits were standardized with equivalent doses. 

A discordant finding was encoimtered in the spleen of a case of 
Hodgkin’s disease. The acetone-soluble material, given in the manner 
described, produced, instead of a drop, a sharp rise in platelet count. 
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which was duplicated on subsequent trial. By means of several methods 
of fractionation, including fractional crystallization from petroleum ether 
and from methanol, it was established diat this spleen contained not only 
much thrombocytopen but an even greater amount of a lipoid which had 
the opposite effect on the platelet count, viz,^ the production of marked 
thrombocytosis. The latter substance was therefore called “thrombocy- 
tosin”. It dilfered from thrombocytopen in its greater ease of solution 
in fat-solvents and its greater ease of dispersion in water. Additional 
refinements in the procedure of extraction and separation made it pos¬ 
sible for us to obtain consistent, large effects with doses of 5 mg. of 
either factor. It remained for Dr. Harry Sobotka, however, to uncover 
the important fact that, even with such small doses as 5 mg., the largest 
amoimt of the material injected was pure cholesterol in finely dispersed 
form, serving as a vehicle for extremely minute amounts of the active 
factors. The latter were subsequently purified from cholesterol and were 
found to be oily substances with fishy odor, non-crystallizable, and form¬ 
ing insoluble digitonides in the manner of steroids. 

The separation procedure now developed made it possible to assay 
a number of tissues and other substances for thrombocytopen and throm- 
bocytosin. Both of these were present in normal spleen, human and 
bovine, and could be found in reduced amounts in fibrotic and leukemic 
spleens in inverse proportion to the amount of metaplasia or replacement. 
Brain tissue, liver, and defatted myocardium contained insignificant 
amounts of either factor. Lymph nodes contained considerable throm- 
bocytosin but little or no thrombocytopen. Subcutaneous fat gave very 
high yields of thrombocytosin but was apparently devoid of thrombo¬ 
cytopen. Perirenal fat was inert. Egg yolk fluctuated in yield of thrombo¬ 
cytopen but gave high yields of thrombocytosin. Normal urine contained 
both factors: the urine of a splenectomized individual contained no 
thrombocytopen and about 15 times the normal maximum of thrombo- 
cytosin. Vegetable oils were negative for either factor. 

Administration of large doses of thrombocytopen (obtained from beef 
spleen) to a rabbit over a period of several days maintained a low 
platelet coimt (without purpura) until the eleventh day, when spontaneous 
“escape” occurred. As the platelet count reached the pre-injection level, 
the a ni ma l was sacrificed. Its bone marrow exhibited striking increase 
in the number of megakaryocytes which, for the most part, were im¬ 
mature. This finding recdls the observation of Limarzi® in human 
idiopathic thrombocytopenic purpura before splenectomy, and probably 
represents a type of maturation arrest under the influence of thrombo¬ 
cytopen. 

The results obtained thus far in these studies suggest a physiological 
role of the spleen as the source of a steroid hormone, thrombocytopen, 
normally concerned in balancing the thrombocytosis-producing effect of 
a fat-soluble dietary factor, thrombocytosin. Purpura hemorrhagica, 
when associated with reticxilum cell hyperplasia of the spleen, may be 
r^[arded as the result of an over-production of thrombocytopen because 
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of splenic hyper-function. In some cases (pubertal metrorrhagia,® 
pregnancy^®), this may be part of an endocrine derangement. 

Because of change of army station, it was impossible for the author to 
complete many further details of this work during active military service. 
The work is just now being resumed with special attention to the role of 
subcutaneous trauma, accidental or surgical, in the mobilization of stored 
thrombocytosin and the initiation of postoperative thrombosis. Other 
problems to be undertaken shortly will include differential assay of urine 
of patients with thrombocytopenic purpura complicating such conditions 
as pregnancy and infectious mononucleosis, and of various patients with 
other abnormalities of the platelet count and clotting mechanism. Thera¬ 
peutic trials are also to be conducted with each factor, in suitable condi¬ 
tions. Further work is contemplated, too, on methods for improved 
separation and assay. 
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Dr. A. L. Copley (New York University^ New York^ N. Y.): 

Our findings that heparin does not prevent the agglutination of 
platelets^ have been further substantiated by observations on the whole 
blood of different animal species and by agglutination tests with heparin¬ 
ized plasma of man, dog, and swine.® Heparin alone has no effect on 
the agglutination of isolated platelets. As already noted previously,^ a 
plasma factor is needed to bring about platelet agglutination. In this 
connection, our observations on Limulus blood are of interest. Sodium 
heparin in vitro and in vivo in excessive amounts docs not inhibit the 
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agglutination of amoebocytes or the subsequent gelation mentioned in 
the discussion of Dr. Ferguson’s paper. 

The contention that platelet agglutination and fibrin formation are 
governed by the two separate mechanisms has been revived by Dr, Best 
and his associates.^* ^ They believe that an “adhesive agent” is needed 
for platelet agglutination. Dr. Houlihan and I have shown that the 
agglutination of platelets is not brought about by fibrin formation and 
that the two processes have different mechanisms. The “adhesive agent” 
or the platelet-agglutinant substance appears to reside in the globulin 
fractions.® We found that a platelet suspension from one subject showed 
significant variations in the degree of agglutination when tested with 
plasma and sera from different subjects. 

We should differentiate between adhesiveness of platelets to the vessel 
wall and agglutination of platelets.® There may be also a difference 
between the adhesiveness of platelet agglutinates and that of the endo¬ 
thelial lining which, under certain conditions, according to Chambers and 
Zweifach, may exhibit adhesive properties. Dr. Houlihan and I showed 
that platelet agglutinates are not necessarily adhesive. We have verified 
Helen Wright’s observations on platelet counts in rotating heparinized 
blood samples, although we disagree with her interpretations. We found 
that human or dog platelets which were incubated with heparin plasma 
have two adhesive properties, viz,^ high degree of agglutinability, and 
also adhesiveness to the glass wall. In studying coagulation thrombi in 
segments of artery and vein in dogs, we demonstrated that blood coagula 
are not adhesive to the living, non-infected wall of the blood-vessel.'’^ 

It may be also necessary to distinguish between coagulation thrombi, 
agglutination thrombi, and mixed thrombi. In the latter, there are both 
blood coagulation and agglutination of platelets. Heparin is useful in 
the treatment of thrombosis because of its anticoagulant effect. Since 
we have shown that prothrombin contains a platelet-agglutinant factor, it 
remains to determine whether hypoprothrombinemia induced by dicu- 
marol also lowers the platelet-agglutinability of such plasma. Anticoagu¬ 
lants per se may not be of therapeutic value in certain clinical conditions 
initiated by platelet thrombi. 

I do not question the results of Dr. Best and his associates^ that large 
doses of heparin in vivo may prevent platelet agglutination. I am merely 
trying to find a reason for the discrepancy between in vivo and in vitro 
findings. This might be explained as follows. We studied the anomalous 
flow properties of blood in a rolling ball viscometer'’^ and found that 
heparin in increasing amounts tended to decrease the yield value, appar¬ 
ent viscosity, and pseudoviscosity of blood. I wonder whether this 
tendency of increased blood fluidity with large doses of heparin may 
e^^lain the findings of Best et ah Thus, rapid blood flow past the 
injured area may prevent agglutination of platelets. 

I should like to ask Dr. Best whether he made any platelet counts 
and determined whether there may be seen platelet clumps in blood 
samples obtained following heparinization. 
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Dr« L. B. Jaques: 

In presenting our paper, we were, of course, aware of Dr. Zucker’s 
important contributions concerning the significance of the platelets in 
hemostasis and the action of heparin on this. Time, however, did not 
permit us to include an appreciation of her important findings that would 
relate them to our own work. Several points in Dr. Ferguson’s paper 
reminded me of the common observation that the rate of formation of a 
clot appears to affect its strength. I would like to ask Dr. Zucker if the 
slow rate of formation of the plugs following large doses of heparin is a 
factor in the poor hemostasis. 

With regard to Dr. Moolten’s paper, I wish to express my admiration 
for a fine piece of work on a problem which has long demanded attention. 
We have conducted a few preliminary studies along this line in the last 
few months. We have found that aqueous extracts of rat spleen will 
cause a definite increase in the platelet count in splenectomized rats, 
lasting for 6-8 hours. However, with our crude extracts, we found no 
increase in the platelet count in rats that were not splenectomized. I 
would like to ask Dr. Moolten if he has studied the action of itrombo- 
cytopen and thrombocytosin in the splenectomized animal, and in species 
other than the rabbit. 

With regard to Dr. Copley’s point on heparin and platelet agglutination, 
we can merely repeat that it has been demonstrated frequently and con¬ 
clusively that heparin prevents the formation of a thrombus experimen¬ 
tally and the phenomenon of thrombosis clinically, while we are in com¬ 
plete agreement with him that heparin will agglutinate platelets. 

In concluding this discussion on heparin, I would like to make the 
point that, due to its ability to react with proteins (Biochem. J. 37: 189), 
heparin may cause many non-specific effects when present in high con¬ 
centrations. Caution must be exercised in making generalizations, since 
the concentrations required for study of the problems discussed are in this 
range. 



THE RELATIONSHIP OF VITAMIN K TO 
HEMORRHAGE AND COAGULATION 

By S. A. Thayer 

Department of Biochemistry, St, Louis University School of Medicine, 

St. Louis, Missouri 

Prior to 1880^ hemorrhage in obstructive jaundice and allied conditions 
was merely an interesting observation that had little practical importance. 
With the introduction of biliary surgery, however, bleeding took on a new 
significance. 

In the early days of gall bladder surgery, the mortality from hemorrhage, 
although high, was not particularly striking, since bleeding was only one 
of the many causes of death. As surgical technique, pre- and post¬ 
operative care improved, the percentage mortality from hemorrhage 
steadily increased, since death from other causes was greatly reduced. 
Actually, the true incidence of cholemic bleeding was also decreased, 
especially after the introduction of the therapeutic practice of giving 
glucose intravenously. The work of Ravdin and his associates, who found 
glucose more effective than calcium in the treatment of cholemic bleed¬ 
ing, is now imderstandable. Nevertheless, in spite of all efforts, hemor¬ 
rhage remained one of the major hazards of biliary surgery and, according 
to Butt and Snell, imposed a risk of death of approximately 5 per cent. 

Earlier attempts to find the cause of the bleeding in obstructive jaundice 
were unsuccessful. Many of the earlier investigators believed that a de¬ 
ficiency in fibrinogen was the cause, but later studies failed to substantiate 
this view. Calcium was reported, by various workers, to be the causative 
factor and the use of calcium was recommended for the treatment of 
cholemic bleeding. Ultimately, sufficient evidence accumulated to over¬ 
throw the calcium deficiency theory. The presence of bile pigments and 
salts was also considered as a probable cause of the bleeding tendency. 
Anticoagulants were postulated as factors responsible for hemorrhagic 
diathesis. Just prior to the entry of vitamin K into medicine, Carr and 
Foote postulated that sulfur amino acids and related compounds accumu¬ 
lated in the blood of jaundice patients and interfered with coagulation. 
This theory enjoyed considerable popularity. 

The beginning of the solution of cholemic bleeding dates back to 1907, 
when Morawitz and Bierich foxmd that the delayed clotting in jaundiced 
blood was due to a deficiency of fibrin ferment. They erroneously at¬ 
tributed this defect to a lack of thromboplastin. Six years later, Whipple, 
using a method essentially the same in principle to that employed later 
by Quick for the quantitative determination of prothrombin, found that 
the clotting defect in jaundice was due to diminished prothrombin. 

Bancroft and his associates, in 1929, applied the coagulation test of 
recalcified oxalated plasma to various clinical conditions. These investi- 
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gators, confirming earKer work, found that the clotting time was definitely 
delayed in hemophilia and in certain cases of jaundice. 

Quick, in 1935, developed a quantitative method for the determination 
of prothrombin. By means of this test, the important finding was made 
that a marked decrease in the prothrombin of the blood occurred in 
certain cases of obstructive jaxmdice, which led him to conclude that the 
hemorrhagic tendency was probably caused by a lack of this clotting 
factor. 

In 1929, Dam, incidental to a study of cholesterol metabolism, observed 
that chicks on a synthetic diet developed a hemorrhagic condition which 
was neither prevented nor cured by citrus juice. In 1931, McFarlane, 
Graham, and Richardson observed a similar bleeding condition in chicks 
fed fish meal extracted with ether. They found that vegetable proteins 
prevented the bleeding condition while cod liver oil was ineffective. They 
also noted that the blood failed to clot. 

After a lapse of two years, Holst and Halbrook again described this 
bleeding disease and stated that it was cured by feeding cabbage. They 
concluded that it was caused by a vitamin C deficiency in spite of earlier 
findings to the contrary. In 1934, Dam and associates resumed the study 
of this hemorrhagic chick disease. They foimd that the bleeding tendency 
could be prevented by feeding cereals or seeds, and they again demon¬ 
strated that vitamin C had no curative action. In 1935, Dam concluded 
that the bleeding was due to a deficiency of a hitherto unrecognized sub¬ 
stance which was different from any of the known vitamins. He gave 
it the name “Vitamin K” [Koagulationsvitamin). At the same time, 
work on this chick disease was continuing at the University of California. 
Halbrook found that 5 per cent of dehydrated alfalfa, or an equivalent 
amount of an ether extract of this material, prevented the appearance 
of the hemorrhagic condition. Almquist and Stokstad then entered the 
field and in their first publication completely verified Dam’s findings 
concerning this new vitamin and contributed much additional 
information. 

Schonheyder made the next important contribution. Early in his work, 
he suspected that a deficiency of prothrombin occurred. He reported, 
in 1936, that the most probable explanation of the prolonged clotting time 
in chicks suffering from vitamin K deficiency is due to reduced concen¬ 
tration of prothrombin. Quick also found: (1) that the prothrombin 
rapidly decreased in chicks fed a vitamin K-free iet; (2) that the bleed¬ 
ing tendency appeared when the prothrombin dropped to about 10 per 
cent of normal; and (3) that alfalfa promptly and effectively restored the 
prothrombin. 

Source of Vitamin K, A survey of sources of vitamin K by Dam in 
Copenhagen, and by Almquist in California, showed that this new vitamin 
was found chiefly in green leaves. Spinach and alfalfa are rich sources. 
Thayer et al. showed that dried alfalfa leaf meal contains about 10 micro- 
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grams per gram or one part in 10,000, i.e., the weight of alfalfa is only 0.01 
per cent vitamin K. 

Almquist observed another important source, namely, the production 
of vitamin K by microorganisms. This was utilized by the Mayo workers 
in the production of their first product for clinical testing, an observation 
which we extended in the study of putrefied fish meal from which a 
second natural vitamin K was isolated. 

Bioassay. Little progress could be made until suitable methods for 
determining vitanain K activity were available. The first methods were 
crude and theoretically faulty, but they furnished amazingly correct re¬ 
sults. The first step in this study was the development of a diet which 
was practically free of vitamin K, but otherwise essentially complete. 

Almquist devised a simple but effective ration which has remained the 
standard for most of the research carried out in this country. 

Dam also devised a diet which is somewhat more complex but satis¬ 
factory. Ansbacher has described another diet in which traces of vitamin 
K are destroyed by prolonged heating. According to Almquist, this ra¬ 
tion lacks other essential factors, particularly those needed for growth. 

The second step in the assay was the establishment of criteria of vitamin 
K deficiency. The bioassay depends on the capacity of the product under 
study to restore to normal the clotting time of chicks which have been 
maintained on an ether-extracted diet. After a period of about two weeks, 
the clotting time of chicks on the deficient diet will exceed two hours. 
This is due to a deficiency of prothrombin in the blood. The adminis¬ 
tration of 1 microgram of vitamin K will cause the appearance of more 
prothrombin in the blood and the clotting time is restored to normal, Le.j 
>10 minutes, within less than six hours. 

Almquist and Klose, in 1939, adopted Quick’s prothrombin time method 
and made it the basis of their assay method. Tidrick, Joyce, and Smith 
recently have employed the two-stage method for determining prothrom¬ 
bin as an assay method. 

In spite of the objections to the clotting time as a criterion of vitamin 
K deficiency, a number of investigators including Dann, Ansbacher, and 
our own group at St. Louis University have successfully developed and 
employed assay methods based on this determination. 

The chick is used universally because of the difficulty in producing 
prothrombin deficiency in mammals. A mild deficiency has been pro¬ 
duced by Dam and Glavind in a small proportion of rats by dietary 
means alone. Deficiency can be produced in rats by a bile fistula to 
prevent bile reaching the intestine, as demonstrated by Greaves. Elliot 
et aL have shown that rats fed on a diet containing mineral oil (20 per 
cent) soon showed a marked lowering of prothrombin. Both of these 
procedures prevent absorption of vitamin K. 

At this point, it is desirable to discuss briefly the use of prothrombin 
time rather than clotting time. It has been found that clotting time in 
obstructive jaundice may be within normal limits in cases in which the 
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concentration of prothrombin is only 25 per cent of the normal value. 
Consequently, the danger of impaired coagulation is not revealed by the 
gross clotting time, but is detected by the more delicate determination of 
prothrombin. 

The gross features of the clotting mechanism are: 

Prothrombin + Thromboplastin + Ca’^- > Thrombin 

Thrombin + Fibrinogen- > Fibrin (clot) 

The Quick method provides optimal amounts of added thromboplastin 
and calcium, so that the conversion of prothrombin to thrombin is exceed¬ 
ingly rapid. The rate of clot formation is then dependent on the amount 
of thrombin. Normal blood gives a prothrombin time of about twenty 
seconds, but with blood from patients with obstructive jaimdice the pro¬ 
thrombin time may be over two minutes. 

Dam and his associates, and Warner et al. introduced different pro¬ 
cedures for the determination of prothrombin. The literature abounds 
with papers describing modifications of the three methods. 

Vitamin K in Treatment of Disease: 

Obstructive Jaundice. The most important cause of hypoprothrom- 
binemia in the adult is obstructive jaundice. The absence of bile salts 
in the intestines is responsible for inadequate absorption of the fat-soluble 
vitamin K to meet the physiological needs. It is a fallacy, however, to 
suppose that every jaimdiced patient will bleed. Nevertheless, it is fairly 
safe to suspect a deficiency of prothrombin in a patient with a complete 
and prolonged obstructive jaundice. Vitamin K, or the water-soluble 
antihemorrhagic compounds, are effective therapeutic agents in restoring 
the prothrombin content of the blood. These water-soluble compounds 
are superior to the natural water-insoluble vitamin K in that they are 
absorbed from the intestinal tract in the absence of bile and, also, that on 
intravenous administration they cause prompt appearance of an increased 
quantity of prothrombin in the blood. This has been demonstrated for 
salts of the phosphate, sulfate, succinate, etc., by Warner and Flynn, Smith 
and Owen, Foster et aL, Almquist, and Dam. 

Hemorrhagic Disease of the Newborn. Brinkhous, Smith, and 
Warner made a study of the prothrombin content of blood of the new¬ 
born and revealed the fact that, at birth, their value is considerably lower 
than that of the mother, and that the values decrease during the first 
few days of life but begin to rise again about one week after birth. Quick 
and Grossman believe that the delayed clotting during the first week of 
life could be due to time required to establish, in the previously sterile 
intestine, bacterial flora which can produce vitamin K. It has also been 
reported by Kato and Poncher that 30 to 50 per cent of deaths of the 
newborn are due to hemorrhage. 

The high incidence of intracranial hemorrhage and bleeding at other 
sites, coupled with the discovery of low prothrombin values in the blood 
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of the newborn, strongly indicates a therapeutic trial of vitamin K. It 
was shown conclusively that treatment of the mother during the terminal 
period of gestation, even as late as two hours before delivery, or of the 
infants immediately after birth, was effective in causing the production 
of prothrombin. 

Several obstetricians have advocated the routine prophylactic use of 
vitamin K, However, the view that vitamin K is effective in preventing 
hemorrhage in the newborn has been challenged in five or six hundred 
papers on this subject. Sanford and co-workers studied over 1600 infants. 
The mothers of approximately one-half were given vitamin K antenatally. 
A comparison of this group with the controls revealed no difference in the 
incidence of hemorrhage. Sanford et al showed that the blood of babies 
whose mothers had been treated with vitamin K had a higher prothrombin 
content than those of the untreated group. 

Potter gave vitamin K to over 6000 women prior to delivery and com¬ 
pared the incidence of stillbirths and death of infants with an untreated 
group. There was very little difference in mortality. She remarks that 
“the incidence of intracranial hemorrhage is directly related to the skill 
and judgment of the obstetrician.” 

Other Diseases. Experimentally, vitamin K seems to be useful only 
in facilitating the production of prothrombin. A beneficial therapeutic 
effect should, therefore, be expected in any disease in which there is a 
deficiency of vitamin K, if the patient has a liver with adequate function. 

A number of physicians have found a lowered prothrombin in sprue, 
presumably due to impaired absorption accompanying the severe diarrhea. 
Administration of vitamin K caused a rise in the prothrombin content 
and cessation of bleeding. 

As far as we know, vitamin K deficiency due to an inadequate intake 
is rare. 

Both Day et al,, and Sebrell and associates have shown that prolonged 
administration of some of the sulfa drugs to rats causes severe hypopro- 
thrombinemia, presumably due to the inhibitory effect on bacterial flora 
in the intestines. 

The absorption of vitamin K has been prevented through production 
of a deficiency syndrome by giving mineral oil to rats daily. Javert has 
warned that daily ingestion of mineral oil by the human causes hypo- 
prothrombinemia. 

A number of investigators have proposed a new liver function test, 
based on the increase of the prothrombin of the blood follovdng the 
administration of a fixed amount of vitamin K. Attempts to correlate 
other Kver function methods with the new “prothrombin response test 
has given rise to conflicting results.” The main function of the prothrom¬ 
bin test will remain as a guide to vitamin K therapy. It may yield valu¬ 
able information concerning the pathological physiology of the liver. 
Allen has observed that the differential diagnosis between intrahepatic 
and obstructive jaundice can be made with a high degree of accuracy 
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when one observes the plasma prothrombin response to a course of vitamin 
K therapy. 

An interesting relationship between sweet clover disease and vitamin K 
has been discovered. Link, who has isolated the toxic principle, dicumarol, 
from spoiled sweet clover, has shown that this compound produces its 
effect by inhibiting the production of prothrombin, thereby leading to 
hypoprothrombinemia and fatal hemorrhage. Overman et al.^ using ex¬ 
perimental animals, showed that vitamin K will coxmteract the effect of 
dicumarol. Since dicumarol is used extensively in an attempt to prevent 
thrombosis, it is necessary to determine the prothrombin frequently. If 
it falls to a dangerous level, treatment with vitamin K must be instituted. 
Shapiro et ah, Lucia and Aggeler, and Cromer and Barker have shown 
that dicumarol can be used successfully in human patients. 

Link and his associates have reported that the metabolism of dicumarol 
gives salicylic acid and, moreover, he has shown that administration of 
excessive amounts of salicylic acid produces hypoprothrombinemia. This 
should be kept in mind when massive salicylate therapy is employed, as 
in the Coburn treatment of rheumatic fever. 
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HEMORRHAGIC MANIFESTATIONS OBSERVED IN 
EXPERIMENTAL DEFICIENCY OF PANTOTHENIC 
ACID, CHOLINE, AND CYSTINE 

By Paul Gyorgy 

Department of Pediatrics, University of Pennsylvania School of Medicine, 
Philadelphia, Pennsylvania 

Vitamin the specific “coagulation vitamin”^ is not the only nutri¬ 
tional factor related to hemorrhagic manifestations. The classical ex¬ 
ample of a nutritional deficiency disease, representing a characteristic 
hemorrhagic syndrome, is scurvy, caused by lack of vitamin G. More 
recently, the alleged participation of vitamin P and related substances in 
the maintenance of normal vascular permeability has been widely dis¬ 
cussed. It would have been difficult to arouse any special interest for 
the generally well-known experimental and clinical picture of scurvy, 
and equally difficult to harmonize the rather contradictory experimental, 
clinical findings and various opinions concerning the role of so-called 
vitamin P in the prevention of hemorrhages of vascular origin. In the 
following, I shall confine myself to the review of experimental hemor¬ 
rhagic conditions linked with members of the vitamin B complex, in 
which I have had a special personal interest for a long time. 

It was about 10 years ago^ when I first observed, in young rats kept 
on a synthetic diet, supplemented with the fat-soluble vitamins A and D 
as well as with thiamine, riboflavin, and pyridoxine, a very impressive 
syndrome of hemorrhagic diathesis. Rats, mostly albino, 21 days of age, 
weighing not more than 35 gm. were placed on the following diet: 
casein, 18; cane sugar, 68; melted butter fat, 9; salt mixture, 4; cod 
liver oil, 1. 

Each rat utilized in an experiment received daily in addition to the 
above diet, supplements of thiamine (10—20 /i.g.)> riboflavin (10—25 
)u,g.), and pyridoxine (10—20 jtig.). In many instances, the addition 
of pyridoxine was delayed until symptoms typical of acrodynia appeared. 
The hemorrhagic disease in question was observed in animals receiving 
only thiamine and riboflavin, but more often in animals supplemented 
with thiamine, riboflavin, and pyridoxine. 

The hemorrhagic diathesis was indicated by variable signs. One of 
the most common symptoms was nosebleed. Melena and profuse hema¬ 
turia were rather rare occurrences. The most impressive manifestations 
of the hemorrhagic diathesis in question were blood effusions into the skin 
exhibiting all the characteristics of purpura. In the gross, there were 
patches of purpura of varying size, some confluent, resulting in larger 
areas of dark red or blue discoloration. These occurred mainly on the 
dorsum of the feet and, particularly, on the hind legs or on the face and 
neck. As a rule, pxirpura is a late manifestation of this specific disease. 

(525) 



526 Ay^KALS NEIV YORK ACADEMY OF SCIENCES 

When it appears, it gradually increases in severity up to the fatal issue 
which normally follows in from 1 to 2 days. 

Microscopically, in the regions of purpura, the epidermis varied in 
thickness. Extravasation of blood was present within the epidermis and 
in the corium immediately beneath the epidermis. There wa^ no deposi¬ 
tion of blood pigments, and little or no inflammatory reaction was appar¬ 
ent around the extravasated blood. The deeper portions of the corium 
and the subcutaneous tissue showed only occasional small foci of hemor¬ 
rhage (figure 1). 

Examination of the blood of rats in the acute stage of hemorrhagic 
diathesis revealed, in the majority of the animals, low percentage of 
hemoglobin, and low platelet, white blood and red blood cell counts, with 
a very pronounced granulocytopenia. The clotting time was, as a rule, 
within normal limits. 

From the foregoing summary of the hemorrhagic manifestations ob¬ 
served and the morphologic blood findings, it became evident that we 
w’ere dealing with a profound disturbance of the primary blood-producing 
tissue, the reticuloendothelium, in its transformation into the three dis¬ 
tinct types of blood cells, into red blood cells, white blood cells, and 
megakaryocytes (platelets). Generally, the disease was ushered in by 
granulocytopenia, but was follow^ed soon by thrombocytopenia, affecting 
the red blood cells only at a later stage in the form of progressive anemia. 
This combination of symptoms and their consecutive appearance are 
characteristic of the clinical entity called aleukia hemorrhagica (panmye¬ 
lophthisis), w’hich again is more or less synonymous with die term 
aplastic anemia. 

Fresh biopsy specimens of bone marrow (femur, humerus, vertebrae) 
from healthy animals showed that marrow was very cellular and included 
cells of all three blood systems: white blood cells, red blood cells, and 
megakaryocytes. Appearance of the marrow in animals which succumbed 
to the experimental aleukia hemorrhagica varied in different bones and 
in the bones of different animals. In some, the only abnormalities were 
intense hyperemia, almost entire absence of megakaryocytes, and a reduc¬ 
tion in the number of cells, chiefly the granulocytes, in the marrow. In 
others, in addition to the severe hyperemia, there was a varying amount 
of hemorrhage and edema, accompanied by more pronounced reduction 
in the number of cells in the marrow, and the granulocytes and mega- 
kaiy^ocytes were altogether missing. Many of the patches of edema 
contained deposits of fibrin (figure 2). In some animals, the hema- 
topioetic cells in the tissue of the marrow had almost completely dis¬ 
appeared. 

Necrotic and ulcerative lesions around the month and on the mucous 
membranes, almost specific signs of human agranulocytosis, were ob- 
ser\"ed rather infrequently in rats with granulocytopenia. 

A frequent posUmortem finding in the internal organs, and the most 
striking, was hyperemia and hemorrhage in the suprarend bodies. The 
hemorrhage, when present, was easily recognizable and varied in extent 
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from small patches in the cortex or medulla, or both, to diffuse hemor¬ 
rhage with obliteration of the natural architecture of the entire organ. 

Microscopically, in the regions of hyperemia alone, the vessels were 
distended with blood and the cells between them showed varying degrees 
and amounts of degenerative change. In those parts where the hyperemia 
was intense and, also, in the regions of extravasation of blood, the 
parenchyma was almost or entirely destroyed (figure 3). Necrosis may 
also be found without concomitant hemorrhage.^”* 

In several animals that had clinical melena, the large intestine showed, 
microscopically, some extravasation of blood in the mucosa without ac¬ 
companying inflammation. 

At macroscopical examination, the spleen showed only hyperemia. 
Microscopically, the sinusoids were distended with blood. In Ae pulp, 
especially around the lymphoid follicles, there were zones of hemorrhage. 
Most of the follicles had no germinal centers. The most striking 
abnormality was the absence of megakaryocytes. In the pulp, there was 
moderate cellularity with a varying amount of histiocytic hyperplasia and 
fibrosis. 

In the search for the probable cause of the hemorrhagic syndrome 
described above, we were unable to relate it to an infectious agent. 
The fact that it was observed among rats kept on a special deficient diet 
and that it could be prevented by supplements of yeast, yeast extract, 
liver extract, milk, etc., strongly supported the assumption of nutritional 
etiology. 

In animals in which aleukia hemorrhagica was diagnosed at an early 
stage, administration of a yeast extract preparation prevented the fatal 
issue and restored normal conditions. The animals showed gradual 
improvement in the morphologic blood composition and in the perme¬ 
ability of the vessels (purpura). Unfortunately, many animals were 
already in a moribund state when the very acute, usually almost ful¬ 
minant breakdown in hematopoiesis was discovered. They died despite 
treatment, from 1 to 2 days after it had been initiated. In the successfully 
treated animals the histologic picture of the bone marrow (figure 4) and 
spleen became normal, showing the usual large number of megakaryocytes. 

At the time of our original observations, no pure pantothenic acid was 
available. In view of the fact that an alleged crude concentrate of 
pantothenic acid (at that time called “filtrate factor”) was found to be 
ineffective, we first believed that this factor could not be the determining 
cause of the specific hemorrhagic conditions. 

In the course of our continued investigations, all of which remained 
so far unpublished, the following additional facts were established. (1) In 
a group of 250 rats kept on the routine B-free diet supplemented with 
thiamine, riboflavin, and pyridoxine, 46 rats died with signs of massive 
adrenal hemorrhage without concomitant involvement of the hema¬ 
topoietic system, 28 rats died from aleukia hemorrhagica without hemor¬ 
rhagic manifestations in the suprarenal bodies, and 13 rats showed both 
aleukia hemorrhagica and adrenal hemorrhages. (2) In a group of 62 
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r3.ts receiving the S3.ixie ba.sa.1 diet^ supplemented first with thismine and 
ribofla\in, and later, after the appearance of signs of rat acrodynia, with 
pyridoxine and pure synthetic calcium pantothenate, 49 rats remained 
free from hemorrhagic manifestations, 2 animals died from adrenal 
hemorrhages 6 and 14 days after the start of the pantothenic acid medica¬ 
tion, one animal died with purpura and adrenal hemorrhage 15 days, 
and 10 rats died from aleukia hemorrhagica between 5 and 18 days (on 
the average, lO/a days) after pantothenic acid was first given. (3) In a 
group of young weanling rats, comprising more than 300 animals receiv¬ 
ing the same basal diet supplemented with thiamine, riboflavin, pyridoxine 
and calcium pantothenate from the start, not one animal developed either 
aleukia hemorrhagica or adrenal hemorrhages. 

All these observations seem to support the view that both adrenal 
hemorrhages and aleukia hemorrhagica are related to pantothenic acid. 
On the other hand, their relatively low incidence even under severe con¬ 
ditions of deficiency of pantothenic acid, and their occurrence up to 
18 da>s after pantothenic acid was supplied to animals already in the 
latent stage of the disease, appear to be in accord with the conclusion 
that pantothenic acid acts not directly but through the intermediary of 
some other vitamin or metabolite. 

Since our first observations, the presence of adrenal hemorrhages in 
animals kept on a synthetic diet free from pantothenic acid and its 
prevention by panto&enic acid has been confirmed in several other 
laboratories.^ It has also been shown, by other workers, that anemia 
and granulocytopenia may be encountered and prevented in rats under 
similar dietary conditions.^^^^ Folic acid proved to be ineffective in the 
prevention of the specific blood dyscrasia in rats kept on a diet deficient 
in pantothenic acid.^^ 

There is a major discrepancy between our own observations and those 
made in several other laboratories, Le., the relatively high incidence of 
purpura and thrombocytopenia in our animals and their absence in 
rats kept under similar dietary conditions in several other laboratories. 
It is conceivable that this difference may be due to variations in quantity 
and also quality of fat in the experimental rations used. 

Purpura, suprarenal hemorrhage, prostration, and a rapidly fatal course 
seen in our rats, also characterize the clinical picture of the so-called 
Waterhouse-Friderichsen (W-F) s>ndrome. In this connection, it is of 
special interest that in a case of the W-F syndrome, Glanzmann found 
progressive thrombocytopenia and distinct diminution of the granulocytes 
with degenerative changes in the remaining polymorphonuclear cells. 
Although these blood findings seem to be rather exceptional, and leuco- 
cytosis prevailed in similar cases, the close analogy betw^een the W-F 
syndrome and the appearance of some of our rats that were ill with 
panmyelophthisis can, nevertheless, be regarded as exceedingly striking. 

Etiology of the W-F syndrome is now generally attributed to a septic 
infection and, in particular, certainly in the majority of cases, to a ful¬ 
minant meningococcus sepsis which ends fatally before the local altera¬ 
tions of mening itis may develop. However, in rats ill with the correspond- 
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ing. syndrome, we were imable to prove the existence of a primary 
infection as a decisive etiologic factor. Whereas a negative observation 
such as this does not exclude, with certainty, the presence of an unrecog¬ 
nized infection, the nutritional control of the production of the syndrome 
in rats permits us to make at least one other suggestion with regard to 
its human equivalent. From the rat experiments, we may hypothesize 
that the bacterial, septic etiology of the W-F syndrome in man is built up 
on the basis of a nutritional deficiency similar to that which was found 
necessary for the production of the analogous disturbance in rats. With 
this assumption, it becomes conceivable why meningococci provoke the 
specific W-F syndrome only in certain persons. 

One could also look upon adrenal hemorrhage and adrenal necrosis 
as the “stage of exhaustion** during the course of an alarm reaction. Its 
presence in rats kept under special dietary conditions might conceivably 
indicate a close rdationship between pantothenic acid and fimctional 
state of the adrenal cortex. Such possibility has been discussed from a 
somewhat different angle in the past^* and requires further intensive 
study. 

The hemorrhagic syndrome in experimental deficiency of pantothenic 
acid in rats is due mainly to an underlying general blood dyscrasia. 
In contrast, hemorrhagic manifestations occurring in experimental defi¬ 
ciency of choline and in related conditions are caused probably by direct 
damage of the organs involved, especially the kidney and liver. Here, 
disturbed synthesis and metabolism of phospholipids may be the leading 
pathogenic factor. 

Fat infiltration of the liver as a regular manifestation of lack of choline 
has been known for a long time. More recently, Griffith and his collab¬ 
orators,^®’ as well as work from our laboratory,^*^ in addition to various 
other later studies of several other workers, have established a direct 
relationship of severe, often fatal hemorrhagic and necrotic lesions in 
the kidneys in rats with absolute or relative deficiency of choline (relative 
to the cystine/methionine quotient of the diet). 

The so-called “hemorrhagic kidney** is an almost regular occurrence 
in yoimg weanling rats fed a diet poor in methionine and free from 
choline. Rats kept on such basal ration containing a sufficient amount 
of protein and of adequate caloric value usually succumb to the renal 
changes between the 11th and 15th day of the experiment. In the acute 
stage of the disease, the kidneys are large, with a purplish-red surface 
color, apparently due to intracapsular and subcapsular hemorrhage. On 
section, the cortex is diffusely dark red, or there are alternating patches 
of dark red and yellow throughout the cortex, in contrast to the grayish- 
yellow color of the medulla. The color of the surface and of the cross 
sections of the liver is, as a rule, uniformly light yellow, suggesting a 
high content of fat. 

Microscopically, between the fibers of the connective tissue in the 
capsule and also beneath the capsule, there is a variable amount of 
recently extravasated blood. The most pronounced lesions of the paren¬ 
chyma consist of almost complete necrosis of the tubules of the cortex 
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(acute necrotizing nephrosis )3 without destruction of the architecture. 
In most kidneys, the outline of the tubules is still recognizable. A striking 
feature of the diffuse necrosis of the cortex is the intensive hyperemia of 
the interstitial tissue between the tubules and surrounding the glomeruli 
(figure 5). The hyperemia is so intense in the cortex of some of the 
Hdneys that it has the appearance of hemorrhage and imparts the dark 
red color to the tissue observed in the gross, merging with the hemorrhagic 
layer in the subcapsular space.^^“^® 

Choline deficiency, with a relatively high cystine/methionine quotient 
in the diet, will aggravate the hemorrhagic changes in the kidneys. In 
rats receiving a diet low in choline (methionine) and high in cystine, 
hemorrhagic manifestations may also be observed in the eyes, heart 
muscle, liver (figure 6), and in the adrenals.^®”^ Not only a relatively 
high23"27 but also a relatively very low ratio of cystine/methionine and 
choline is conducive to the development of patchy hemorrhagic necrosis 
in the liver.^^ 

“Hemorrhagic kidney** may also be encountered, although only as an 
irregular finding, in older rats kept on a synthetic ration low in choline 
and relatively high in cystine. In general, however, necrotizing neph¬ 
rosis without concomitant hemorrhagic manifestations is the rule in this 
older group of animals. 

It is of especial interest that hemorrhagic necrosis in the liver as well 
as “hemorrhagic kidney** are found, identical experimental conditions 
notwithstanding, more often in male than in female animals. The pro¬ 
tective effect of estrogenic hormones in the liver and kidney may also be 
demonstrated in various other pathological reactions.^*^ 

The hemorrhagic and necrotic lesions in the liver of rats bear some 
resemblance to the acute and subacute stages of yellow liver atrophy 
in man. Bilateral hemorrhagic cortical necrosis of the kidneys seen in 
rats is kno^vn as a clinical entity. Thus, both conditions may be identical 
or at least closely related to each other. One possible difference between 
the microscopic pictures of the two concerns vascular thrombosis, which 
has been described in the human kidneys but was not observed in the 
kidneys of the animals. The pathogenesis of the renal lesions in the 
animals must, therefore, be attributed to a nephrotoxic effect acting 
directly on the parenchyma, and not to ischemia brought about by 
vascular thrombosis. Since thrombosis is not always found even in the 
human kidneys, there remains the possibility that bilateral symmetrical 
hemorrhagic cortical necrosis in human beings is also due to a nephro¬ 
toxic effect, with or without angiospasm, determined by a dietary defi¬ 
ciency, and that the thrombosis is only a terminal event that plays no 
primary^ part in the pathogenesis of the renal lesions.^*^ 

The hemorrhagic lesions in the liver and kidneys are the fulminant 
form of the so-called “hepato-renal syndrome.” Its possible dietary 
origin and control may have practical significance beyond the specific 
pathologic condition in question, and may extend to the humoral regula¬ 
tion of blood pressure, including shock prevention and vascular reactions 
to hemorrhage. 
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THE EFFECTS OF HEMORRHAGE ON 
THE CIRCULATION* 

By Dickinson W. Richards^ Jr. 

Department of Medicine, Columbia University^ College of Physicians and Surgeons, 
and the Chest Service, Bellevue Hospital, New York, N. Y, 

In the first World War, after prolonged investigation, the emphasis in 
traumatic and hemorrhagic shock was finally placed upon mechanical 
causes, particularly loss of blood volume. Starting with this point of view 
in World War II, we have found the basic mechanical facts, though they 
have been confirmed, inadequate to account for the ultimate tissue dis¬ 
turbances, and have therefore come to seek more fundamental explana¬ 
tions in vasomotor and chemical phenomena. We are, in this respect, 
returning to the point of view of fifty years ago. 

With this brief introduction, I should like to present a description of 
recent observations in clinical shock due to hemorrhage, leading up to 
the unknown factors, especially in its so-called irreversible stage. 

Blalock,^ in his excellent review written in 1940, concisely stated the 
case for the mechanical concept of shock, about as follows: The most 
important alteration in traumatic shock is decreased blood volume, the 
consequences of this being diminished venous return and decreased car¬ 
diac output Vasoconstriction at first holds up blood pressure, but with 
further blood loss this also declines. Work by Blalock,^ Phemistcr,® and 
others had demonstrated the important fact ^at in trauma produced in 
various ways, the decrease in blood volume is largely or entirely due to 
fluid loss at the site of injury. 

Taking up the problem at this point, in a series of clinical studies carried 
out in the early years of the war, with the use of cardiac catheterization 
and other techniques, it was possible for several groups of investigators 
to confirm this general concept^’ ® and also to extend it, by defining 
separately the state of the circulation in various different forms of injury 
with sho^. 

Of these, the simplest, i.e,, the form least affected by complicating 
factors, was external hemorrhage, a large loss of blood taHng place pro¬ 
gressively. Figure 1 shows the basic findings, as compared with the 
normal state and with a series of cases of shock due to skeletal trauma, 
in twelve cases of hemorrhage. It will be seen that blood volume is 
reduced by about two-fifths, with red cell loss proportionately greater 
than that of plasma, right auricular pressure or fillin g pressure of auricle 
and ventricle much below normal, and cardiac output about two-thirds 
to one-half normal. Arterial blood pressure and pulse pressure are de¬ 
creased; peripheral resistance, which is the ratio of mean arterial pressure 
to cardiac output, is normal or slightly increased. 

reported in this paper was supported, in part, by a grant from the Common- 
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The importance of hemorrhage in traumatic shock was enhanced when 
clinical findings were sho\\ii to support those of animal work in indicating 
that in other traumatic injuries^ such as multiple fractures, the deficit in 



Figubb 1. Chart showins chief dynamic changes in the circulation in traumatic and 
hemorrhagic shock. Average measurements. 

blood volume was actually a loss of whole blood (= hemorrhage) at the 
site of injury. Correspondingly, the mechanism of shock in trauma is 
almost identical with that of hemorrhage. This also is shown in figure 1. 

As a corollary to this general picture, we have the fact, now well known, 
that in both traumatic and hemorrhagic shock, there is hemodilution, 
with low hematocrit. Gregersen and Noble*^ were able to show, by succes¬ 
sive blood volume measurements, that this relative increase in plasma was 
a compensatory phenomenon, fluid and protein coining into the blood 
from uninjured tissues, following after the gross loss of whole blood at the 
site of injury. 

From these findings also, it was more than obvious that, for treatment 
of shock, the primary need was whole blood rather than plasma. This 
was established as early as the spring of 1942. 
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Carrying the consequence of shock one step further, to the tissues them¬ 
selves, it seemed at first that this mechanical concept was adequate to 
explain the ultimate tissue anoxia which constituted the final breakdown 
in the vital processes. Certainly, with decreased total blood flow, and 
decreased oxygen-carrying capacity of each unit of blood, due to hemo- 
dilution, the total oxygen transport to the tissues is much diminished. 
More careful study of the quantitative changes, however, and especially 
a comparison with other forms of shock, showed that the tissue anoxia 
could not very well be explained so simply, and that other disturbances 
in the peripheral vascular system must be considered. I shall return to 
this later. 

The first comprehensive study, however, of actual vasomotor failure, 
was that carried out by McMichael,® and later also by Stead,® in a series 
of cases studied during and following a rapid phlebotomy, during which 
the subject fainted. The clinical picture of syncope was, of course, well 
known, as produced by tilt table and other procedures; but the measure¬ 
ment of the whole circulatory dynamics was new. McMichael found, as 
the removal of blood proceeded, a small decrease in cardiac output and 
light auricular pressure. When the subject fainted, the sudden and pro- 
foimd drop in arterial pressure was not associated with any further drop 
in cardiac output or in auricular pressure. McMichael also measured 
blood flow in the arm during the faint, and found this increased. Un¬ 
mistakably, the conclusion was that the essential failure in syncope is 
sudden loss of vasomotor tone, especially in the blood vessels of skeletal 
muscles, without necessarily any significant drop in total blood flow, i,e,y 
cardiac output. Further proof was provided by McMichael through the 
administration of methedrine during the faint, with immediate recovery 
of the circulation to normal. 

Relative magnitude of the changes observed in this experiment will 
vary with the particular technique, especially speed of removal of blood 
and amount removed. Figure 2 shows a record of pressure tracings from 
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PiGLiffi 2. Tiacmsr^ from femoral artei\ and from right ventiicle m a normal subject before 
(A) and immediately after (B) a large phlebotomy. Patient was pale and m shock Cardiac 
output wass 40 pel cent of normal. C, D E, and P = piogiessive stages m recoveiy during 
and folloiRing an intra\enoub infusion of gelatin solution, G = 4 hours after phlebotomy. 
Cardiac output then 95 per cent of normal. 


the right ventricle (lower tracing) and femoral artery (upper tracing) 
before, during, and after a large and rapid phlebotomy. At the time of 
fainting, in this instance, pressures were much diminished, as shown. 
However, cardiac output was also decreased, being only 40 per cent of 
its normal level. The subsequent records show restoration of the circu¬ 
lation after an infusion. 



RICHARDS: EFFECTS OF HEMORRHAGE ON CIRCULATION 537 


It should be noted that^ in these studies, one starts with a normal indi¬ 
vidual with well-filled vascular bed, and particularly with well-filled 
great vessels, both venous and arterial. Stead® has made some interesting 
studies in this connection, showing that normal subjects can vary consider¬ 
ably their right auricular pressures with little or no change in cardiac 
output. In other words, a well filled venous reservoir provides an excel¬ 
lent reserve to insure adequate return of blood flow to the heart. At the 
other end of the spectrum is the patient with distended or overfilled 
vascular bed, as in congestive heart failure. In such cases, phlebotomy^® 
or the application of venous cuffs,by relieving the distended and dilated 
heart, may result in an increase in cardiac output. 

Let us return to a further consideration of the empty vascular bed and 
diminished circulation of secondary hemorrhagic shock. One of the find¬ 
ings in these clinical studies has been that there is selective vasoconstric¬ 
tion, a compensatory phenomenon. Blood flow through the extremities, 
for example, and through the kidneys,is diminished out of proportion 
to the decrease in total blood flow, thus saving blood for more immediately 
vital regions. 

The relatively empty vascular system, held together, so to speak, by 
powerful constrictor action, is in a peculiarly unstable and precarious 
state. Figure 3 shows pressure tracings from femoral artery in a case 
150--- 

25 — 50— 

0- qI-i—ii- 

LM.-NORMAL F.M.- NORMAL 


75- 

H.S.- SEVERE TRAUMATIC SHOCK 

Figure 8 Femoial artery pressure tracings m noimal subjects and m shock 

of shock compared with two normal subjects. The collapsing quality of 
the pulse wave is well demonstrated. Clinically, it is well known lhat, 
in such patients, it takes very little to send them into serious or abruptly 
fatal collapse. This most commonly occurs by sudden loss of vasomotor 
tone. In our series of cases at Bellevue Hospital, we observed many such 
instances, two of them fatal. One was a young man with acute alco¬ 
holism, lacerated scalp, and considerable loss of blood. He was in mod¬ 
erate shock. He sat up in bed, lost consciousness almost immediately, and 
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expired within a few minutes. The second case was a man in severe 
shocks having a ruptured spleen, fractured pelvis, and dislocated ankle. 
An attendant manipulated his ankle very slightly, whereupon the patient 
broke out into a sweat, became pulseless, lost consciousness, and died 
fifteen nainutes later. In many similar episodes, patients were saved by 
immediate rapid transfusion or infusion. 

Granting, then, the extreme precariousness of the circulation in this 
advanced stage of secondary hemorrhagic and traumatic shock, we have, 
among other things, two important questions to answer: (1) Do the 
alterations in circulatory dynamics, as we have described them earlier in 
this discussion, in cases of sustained shock of moderate degree, provide 
adequate explanation for all the progressive changes that follow as shock 
becomes deeper? (2) Does adequate treatment by blood replacement 
always restore the circulation, or, if it does not, what are the circum¬ 
stances of ultimate failure? 

As to the first, we find cardiac output in moderate hemorrhagic shock 
about two-thirds to one-half normal. That is, in itself, by no means 
lethal, not even particularly harmful. Many cardiacs exist for years, in 
partial ambulatory activity, with cardiac output less than this. We find 
hematocrit decreased in acute shock, but again not more than is tolerated 
in many cases of secondary anemia. Blood pressure, too, is low but not 
lethally decreased in early and middle stages of shock. If we put all these 
factors together, there will be, it is true, a badly damaged circulation. The 
combination is that of an empty vascular system, with decreased hemo¬ 
globin concentration per unit of blood flowing, decreased total flow, at 
decreased pressure. Total oxygen brought to all the tissues is thus about 
one-quarter normal. By compensatory vasoconstriction in non-vital re¬ 
gions, as already described, oxygen transport to vital regions is raised, 
perhaps to half normal or thereabouts. The capillaries themselves are 
probably inadequately filled, per unit of tissue mass. In this connection, 
one common misconception might be mentioned. It is often stated that, 
since all the capillaries in the body, xmder normal conditions, hold only 
about 60 cc. of blood, even extreme blood loss need not seriously empty 
them. Such a concept neglects the obvious fact that in order to serve 
and maintain 1 cc. of blood in active capillaries, there is required an 
entire arborization of filled vessels, many times greater in volume, on both 
arterial and venous sides. 

Summarizing this argument, we may suppose that in secondary shock 
due to hemorrhage or skeletal trauma, there is enough mechanical de¬ 
ficiency in the circulation to account for the progressing tissue anoxia 
that occurs. Other forms of capillary dysfunction are, of course, not 
excluded. 

Consider for a moment, however, two other types of injury with shock, 
namely, abdominal injuries and bums. Figure 4 shows the circulation 
in bums; and that in abdominal injuries is similar. Here cardiac output 
is, to be sure, decreased, but there is hemoconcentration, and arterial 
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oxygen transport to the tissues is thus not seriously diminished. And 
yet, in these injuries just as much as in hemorrhage, the tissues themselves 
give evidence, at this stage, of progressing anoxia. One finds, for ex¬ 
ample, rapid increase in lactic acid and decreasing arterial and venous 
serum pH. It would seem that, in addition to the disturbed general blood 



Fiousb 4. Chart showing chief hemodynamic changes in shock due to bums. Average 
measurements. 

flow, there are probably serious defects or disorganization in tissue capil¬ 
lary function. If one were to try to reach beyond the overall figures as 
we find them for pressure and blood flow in secondary traumatic shock, 
one might say that among the essential features in the early and middle 
stages are (a) empty great vessels, and (b) disorganized capillary function, 
due to lack of filling or other disturbance. That is about as far as one 
can go clinically. The very interesting findings in animal experimenta¬ 
tion, describing both capillary and tissue changes, especially those of liver 
and kidney, by Fine,^® Long,^^ Knisely,^® Zweifach,^^ Shorr,^^ and others, 
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are probably applicable to the human problem, and may well give the 
explanation we want. This is, however, outside the scope of the present 
brief discussion. 

Finally, how good is treatment by blood replacement? It needs no 
emphasis, at this time, to record the extraordinary recovery that can take 
place, even in advanced shock, by abundant replacement with plasma or 
whole blood. Cardiac output, right ventricular and arterial pressures all 
return to or near normal, and within an hour or two, blood lactic acid 
is well down and serum pH within normal limits. It is also, of course, 
inevitable that in some cases, injury is too severe, or shock has been too 
prolonged, for the patient to respond to treatment. In still others, there 
will be a temporary resuscitation, followed by a gradual failure again and 
death. 

The nature of the ultimate failure is variable. If blood is poured in 
rapidly, there is almost always some initial response by the heart, and 
cardiac output and arterial pressure pick up. In a few cases in our series 
at Bellevue Hospital, respiratory failure occurred suddenly, while the 
circulation seemed to be improving. These were apparently cerebral 
deaths. Other forms of failure, occurring on the second or third day or 
even later, included pulmonary, renal, and occasionally hepatic manifes¬ 
tations, but these need not be considered here. More common, especially 
in severe battle injuries with prolonged shock, was the picture analogous 
to irreversible shock in animals, an early favorable response to transfusion, 
but followed by progressively fading pulse and blood pressure, in spite of 
sufficient blood to keep the blood volume up to normal. In this situation, 
as has been foimd abundantly in animal experimentation, no form of 
therapy has been effective. Wiggers^® has raised the question whether, 
at this time, the ultimate failure may be cardiac rather than peripheral. 
One finds no way of answering this question from clinical evidence. There 
is nothing to indicate cardiac failure of the congestive type, though this 
does not rule out myocardial inadequacy. The general impression is that 
one is dealing, at this stage, with an inert vasomotor system and dying 
tissues,^®* which may be myocardial as well as other. It is difficult to 
analyze the clinical problem further than this, with present evidence. 
While one may hope that something may be found to restore the vascular 
system and the tissues even at this stage, it will have to be a very powerful 
agent indeed. 

By way of summary, it might be stated that, although recent clinical 
studies of secondary hemorrhagic shock have confirmed the basic mechani¬ 
cal alterations in blood flow formd previously in animals, for adequate 
explanation of the whole picture the vasomotor aspects must be given 
emphasis. Further, in the so-called irreversible stage, the evidence sug¬ 
gests an almost total failure of response of both blood vessels and tissues. 
Shock is, in fact, very much more than disturbance in blood flow. Writ¬ 
ing in 1872, S. D, Gross^^ defined shock as “the manifestation of a rude 
unhinging of the machinery of life.” While lacking in detail, I am 
inclined to believe that Dr. Gross had the main idea. 
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EXPERIMENTAL STUDIES ON TRAUMATIC AND 
HEMORRHAGIC SHOCK 

By Magnus I. Gregersen 

Department of Physiology, College of Physicians and Surgeons, 

Columbia University, New York, N, Y. 

When one attempts to investigate a clinical problem such as shock 
through experiments in the laboratory, the first task is, or should be, to 
seek adequate proof that the clinical condition is actually reproduced in 
the experimental animal. The fact that we considered this rather seri¬ 
ously at the start of our investigations^ of traumatic shock proved to be 
extremely fortunate. In order to reproduce in dogs the clinical picture 
of shock as described in man, we had to exclude the effects of general 
anesthesia, and by so doing we at once spared ourselves a difiiculty which 
would have become increasingly oppressive as the investigations pro¬ 
gressed and might well have blocked the exploration in several important 
directions, namely, the difficulty of differentiating between the effects of 
anesthesia and those produced by injury. Furthermore, the attention 
which we gave to the clinical signs^—if we may be permitted to apply this 
bedside terminology to dogs—^made them valuable as indications of the 
differences in the pattern of response to different types of injury. The 
data that we gathered were constantly oriented with reference to the 
ordinary climeal criteria of shock, which enabled us to establish a time 
relation between certain bodily disturbances and the appearance of the 
clinical signs of shock. 

It is hardly possible to overemphasize the importance of excluding the 
complicating effects of general anesthesia from studies on shock. For one 
thing, we are dealing here with a situation which calls upon a host of 
defense mechanisms of the body, and the paralysis of any part of the 
neural mechanisms cannot fail to have a profound effect upon the out¬ 
come and lead to false conclusions as to the relative importance of the 
many factors involved. In a situation where there are such drastic changes 
in the circulation and metabolism, it is futile to suppose that a uniform 
degme of anesthesia can be maintained throughout, or even if that were 
possible, that its effect is only a quantitative modification of the results. 

As we all know, the standardization of experimental shock has been a 
trying problem in nearly all investigations. In our laboratory, we were 
never able to standardize the production of shock by muscle trauma to 
the point where we could predict the fate of the animal in every instance. 
Dr. Walcott did, however, succeed in devising a simple method of pro¬ 
ducing hemorrhagic shock which gives 100 per cent mortality and a 
remarkably uniform survival time.® This preparation has been extremely 
useful to us. 

The investigations which we started five years ago have covered many 
phases of the disturbances associated with traumatic and hemorrhagic 
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shock.®* ^ A summarizing table showing the average range and magnitude 
of the changes which were observed in dogs in severe shock after either 
trauma or hemorrhage has been published elsewhere.® In all experiments^ 
the blood volume had been reduced by 40 to 50 per cent. In general, the 
disturbances are strikingly similar to those found in clinical shock.® In 
both man and dog, the reduction in blood volume in shock is approxi¬ 
mately the same (30 to 40 per cent).^* ® The dog, however, displays a 
greater reduction in the cardiac output, but this is probably explained by 
the fact that, in the dog, the resting cardiac output is normally much 
greater in relation to size than in man.*^* ® Also, in the dog in shock one 
frequently observes a 50 per cent reduction in the oxygen consumption, 
whereas in clinical cases of shock the oxygen consumption seldom falls 
below the basal level. A striking species difference appears in the periph¬ 
eral resistance. According to tihe studies of the Bellevue Hospital 
group, the total peripheral resistance in cases of hemorrhage or trauma is, 
on the average, not far different from the normal,® whereas in the dog 
in shock, we have frequently found total peripheral resistance increased 
four or five times.'^ These illustrations indicate that one must exercise 
some caution in applying the results of animal experiments to human cases 
of shock. For the most part, the differences appear to be quantitative 
rather than qualitative. 

One aim which many of us have had in the systematic study of bodily 
disturbances associated with shock, has been to find reliable criteria for 
judging the severity of the injury, the depth of the resulting shock, and 
for distinguishing the various stages of shock. So far as the experimental 
studies on traumatic and hemorrhagic shock are concerned, it seems to me 
that we can consider the bodily disturbances in two categories. The first 
category is illustrated by the change in blood volume, which gives us an 
idea of the severity of the injury, but is of no value as an index of the 
depth or stage of shock. It was perhaps a matter of luck that we hap¬ 
pened to begin the blood volume studies on a form of experimental 
traumatic shock such as muscle contusion, in which the reduction in 
blood volume occurs suddenly at the time of injury,^ for this demonstrated 
at once that the progressive character of the ensuing shock could not be 
ascribed to a gradual decrease in blood volume brought about, as current 
theories postulated, by generalized capillary leakage. The inferences 
which we drew from these early observations were fully confirmed by 
subsequent investigations of the dye disappearance rates and blood vol¬ 
umes in clinical cases of shock® and by further experiments on dogs in 
which it was demonstrated that the locil fluid loss was always equal to or 
greater than the reduction in blood volume.® 

In the second category of disturbances are those which are progressive 
and associated with the appearance of the clinical signs of shock.® These 
are all closely related to and result from the changes in cardiac output. 
As the cardiac output and total oxygen supply to the tissues diminish, the 
A-V oxygen difference and the circulation time through small vessels go 
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up ® Associated with these alterations are many evidences of the me¬ 
tabolic disturbance characteristic of stagnant anoxia.^® The arterial pH 
and arterial CO 2 content drop, while the blood lactate and phosphate 
rise. These and other blood changes are now familiar to everyone who 
has worked on shock, and the interrelation of the metabolic changes has 
been clarified by contributions from several laboratories. 

The question as to which of the measurements is the most accurate 
index of the degree or depth of shock, is rather important in evaluating 
the effects of various therapeutic measures. Several of my colleagues 
have pursued this problem but so far have not arrived at any very definite 
conclusions. In most of the work, we have simultaneously measured the 
A-V oxygen difference, the arterial CO 2 , the arterial pH, and the blood 
lactate and phosphate. Perhaps the arterial CO 2 has been our main 
guide. However, even after studies on a large series of animals we are 
not convinced that there is a sharp limit of reduction in the arterial CO 2 
below which transfusion fails to resuscitate every animal.^^* ^ The time 
element may be important in the outcome. It is probable that the same 
degree of shock as judged by the arterial CO 2 , for example, may, when 
brought on quickly, do less damage to special systems such as the kidney 
and liver than when the same point is reached more slowly. 

The chemical changes in the blood were much the same in hemorrhagic 
and traumatic shock. A survey of all our data disclosed only slight dif¬ 
ferences. For instance, for the same decrease in pH, the hemorrhaged 
animals showed a larger increase in phosphate than observed in trauma¬ 
tized dogs.^® Also, after trauma there was a somewhat greater increase 
in pulmonary ventilation than after hemorrhage, which presumably ac¬ 
counts in part for the lower arterial CO 2 generally observed in the trauma 
experiments.'^ The major effects, however, are caused by the same factor, 
namely, a reduction in blood volume, and therefore we should not expect 
to see marked differences in the chemical pattern. 

There were, on the other hand, differences in the superficial appear¬ 
ance and course of hemorrhagic and traumatic shock which aroused our 
curiosity early in the investigations. Evidence of pronounced central ner¬ 
vous depression was more striking in traumatic shock. Also, in experi¬ 
ments where the reduction in blood volume was the same, it was apparent 
that the blood pressure was, in general, maintained at a much higher level 
after trauma than after simple hemorrhage. This difference in the blood 
pressure pattern was largely abolished if the trauma experiments were 
done on dogs in which the spinal cord had been severed some days 
before.^^ Thus, there were indications of the existence of a nervous 
factor in the trauma experiments, but its role in shock and its effect on 
survival were not clear. There was, of course, the further possibility that 
substances released from the traumatized areas might account for some 
of the differences observed. 

The central question was, whether or not shock and death after trauma 
could be ascribed entirely to the reduction in blood volume. A recent 
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statistical analysis of the blood volume data from a large series of experi¬ 
ments revealed a significant difference between traumatic and hemor¬ 
rhagic shock with respect to the residual blood volume associated with 
50 per cent mortality (L.H.50).^® There was, however, one flaw in the 
evidence, for, in the experiments on traumatic shock, ether had been used 
during the period when the muscles were contused,^ whereas no anesthetic 
was employed in the experiments on hemorrhagic shock.^ Wang et 
set out to repeat the experiments on hemorrhagic shock, including this 
time the use of ether anesthesia during the period of bleeding to make 
the experiments strictly comparable with the trauma experiments. The 
L.H.50 was the same as when no ether was employed. This evidence, 
incidentally, gave us much needed assurance that the brief period of ether 
anesthesia which had to be employed in the trauma experiments did not 
seriously modify the resistance of the animals to injury. 

The evidence so far indicated that the afferent nerves from the 
traumatized region were responsible for the decreased resistance to reduc¬ 
tion in blood volume. In order to obtain further proof, two additional 
series of experiments were carried out. In the first series, normal dogs 
were subjected to a sublethal hemorrhage, following which the central 
ends of the sciatic nerves were stimulated continuously.^"^ In these 
animals, 50 per cent mortality occurred at a considerably higher residual 
blood volume than in dogs subjected to hemorrhage alone. Futhermore, 
the course of the heart rate and blood pressure and the clinical appear¬ 
ance of the dogs resembled more closely the picture seen in traumatic 
shock. In another group of dogs, all afferent nerves to the hind limbs 
were severed by section of the lumbo-sacral dorsal roots one to two weeks 
before shock was produced by muscle contusion.^® In this series, 50 per 
cent mortality occurred at a significantly lower residual blood volume 
than in normal traumatized dogs, and furthermore, the clinical picture 
resembled that seen in simple hemorrhagic shock. From such evidence, 
there appears to be little doubt that the afferent impulses from the 
traumatized region play a significant role in traumatic shock. The inter¬ 
esting feature of these experiments is that the basis of comparison, namely, 
the resistance to reduction in blood volume, is objective, whereas in the 
attempts that other investigators have made to attack the problem, the 
evidence depends largely on whether or not the degree of injury has been 
constant from one experiment to the next. 

The mechanism by which the afferent impulses from the injured region 
influence the course of shock and reduce the resistance to blood loss is 
not entirely clear. However, the evidence from the heart rate and blood 
pressure records suggests that the action is, at least in part, brought about 
through increased activity of the sympathetic nervous system, which 
serves to accentuate the reduction in blood flow through the tissues. 
Wang, Painter, and Overman have obtained additional evidence for this 
concept from studies of the changes in the fluorescin circulation time in 
shock in dogs with unilateral cervical sympathectomy.^® 
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For the studies in therapy, we have almost exclusively employed dogs 
in hemorrhagic shock. Traumatic shock experiments are less satisfactory 
for this purpose, mainly because of the diflSculty of controlling the leakage 
into the damaged area. Furthermore, we do not have a standard pro¬ 
cedure for producing traumatic shock as is the case with hemorrhagic 
shock. 

The first problem was to decide the stage at which the effect of trans¬ 
fusion should be tested. We arbitrarily selected the point at which the 
mean arterial blood pressure had fallen to less than 25 mm. Hg and was 
decreasing rapidly. The animals were therefore transfused in what was 
essentially the terminal stage of shock, a few minutes before exitus. In 
all instances, volume replacement with either blood or plasma more or 
less completely reversed the hemodynamic and chemical changes pro¬ 
duced by the hemorrhage. It should be noted, however, that the return 
of the blood pressure to normal values was not in itself a reliable index 
of the physiological condition of the animal, for the non-surviving dogs 
often had high blood pressures after transfusion. Restoration of urine 
flow and the degree of reversal of the chemical changes in the blood were 
better indications of eventual survival.^^ It should be noted, also, that 
none of the dogs recovered immediately, on transfusion, from the lethargy 
which was invariably present at the time of treatment. However, the 
surviving animals gradually became more alert and, except for an 
uimatural quietness, appeared reasonably normal four hours after 
transfusion. 

In a series of 22 dogs which were transfused in the terminal stages with 
their own blood, sixty per cent survived. In a second series of 16 dogs 
in which comparable volume replacement was carried out with plasma, 
three died in less than 24 hours. It should be pointed out that in spite 
of hemodilution, transfusion with either whole blood or plasma did not, 
under the circumstances of these experiments, completely restore blood 
volume to the control level. The deficit is explained by the blood samples 
taken for the various analyses. Actually, the final blood volume was 
10 to 15 per cent below the initial control volume. 

Certain points are brought out by comparison of the results obtained 
in dogs which were permanently resuscitated by transfusion with those 
shown by animals which finally died after volume replacement. In 
a n i m als that survive, the jugular oxygen content, the arterial pH, the 
arterial GO 2 content, plasma inoi^anic phosphate, and whole blood 
lactate returned to control values within four hours of the time of volume 
replacement. The return of the various constituents is much less notice¬ 
able in animals which die within twenty-four hours. We were unable 
to satisfy ourselves that the absolute values of the arterial CO 2 just 
prior to transfusion could be utilized as a means of distinguishing dogs in 
which transfusion produced recovery and those which died after volume 
replacement. The degree to which the arterial CO 2 may be depressed 
without producing irreversible shock, as measured by the response to 
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transfusion^ appears to be related to the previous history and physical 
condition of the animal. This has been shown in a recent series in which 
animals were carefully selected and fed diets calculated to increase their 
vitamin and protein reserves.^^ 

Furtlicr analysis of the data convinced us that hemorrhaged dogs which 
failed to recover after transfusion were in a more serious condition im¬ 
mediately before volume replacement than were those in which trans¬ 
fusions produced permanent recovery. Thus, in the terminal stages, the 
former had a higher whole blood lactate, a greater arterial-jugular oxygen 
difference, a larger increase in the plasma amino nitrogen, and, in general, 
a more severe acidosis than the latter group of animals. These findings 
suggest that when the metabolic disturbance reaches a certain stage of 
severity, the restoration of blood volume with either whole blood or 
plasma fails to resuscitate the animal permanently. Some investigators 
clioose to term this “irreversible shock”. I do not like this term, because 
it implies the futility of further experimental analysis. Future investiga¬ 
tions may well bring forth effective methods of treating shock in what 
is no'w considered to be the irreversible stage. 

Finally, I should like to consider, briefly, some observations on the 
effects of morphine in hemorrhagic and traumatic shock.^® This problem 
has considerable practical interest, because, as is known, morphine has, 
in the past, been wddely used in shock cases. Only recently, it has been 
pointed out that this might not be a wise routine measure. Furthermore, 
in the literature on shock, I have from time to time noted that investi¬ 
gators have claimed that no anesthesia was employed in their experi¬ 
ments. A careful scrutiny of the protocols, however, reveals that several 
doses of morphine had been administered to the animals. 

In normal dogs, the intravenous injection of 2 mg. of morphine sulfate 
caused a sharp drop in the respiratory rate and volume, in O 2 consump¬ 
tion, and in blood pressure and heart rate. It is interesting to note that 
although the cardiac output was depressed, the calculated total peripheral 
resistance increased. When the same dose of morphine was given to 
animals in hemorrhagic shock, there was a temporary increase in the 
venous oxygen, arterial CO 25 and cardiac output. These evidences of 
improvement in the circulation did not, as far as we could tell, alter the 
eventual outcome or lengthen the survival time. In dogs in severe 
traumatic shock, the effect of morphine seemed to be only deleterious, 
inasmuch as it simply exaggerated the disturbances which we regard as 
evidences of shock. These observations call attention to the fact that 
even small doses of morphine may have a considerable effect on a failing 
circulation. 
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VASOMOTION IN THE HEMODYNAMICS OF THE 
BLOOD CAPILLARY CIRCULATION 


By Robert Chambers* 

Department of Biology, Washington Square College of Arts and Science, 

New York University, New York, N. Y, 

The blood circulation has a meaning only when we consider its hemo¬ 
dynamics in the capillaries. The fact that the capillaries are freely 
permeable to fluid, poses the problem of how a balance between outward 
and inward filtration can be maintained. The two main features which 
must be controlled are, first, an adequate venous return, and second, the 
periodic variations of fluid exchange bet\veen the tissues and blood. 

Starling’s hypothesis of hydrostatic versus colloid osmotic pressure must 
be supplemented by taking into account the topographical arrangement 
and functioning of differently structured vessels in the capillary bed. 
Briefly stated, the capillary bed consists of (1) preferential channels, 
proximally muscular (metarterioles), and coursing from the terminal 
arterioles to the beginning venules; (2) sphincteric offshoots which con¬ 
trol the outflow of blood into the capillary network; and (3) the non- 
muscular, true capillaries which constitute the bulk of the bed and drain 
into the distal portions of the channels. The preferential or thorough¬ 
fare channels are the basic structural components of the bed. The 
network of capillaries is built about them and is accessory to them. 

This organizational pattern makes possible variations in the distribution 
of blood throughout a given issue and is best expressed in tissues where 
demands on the blood supply varies considerably whenever the tissue is in 
the resting or the active state. 

The preferential or thoroughfare channels start directly from the 
terminal arterioles. Their hydrostatic pressure persists relatively high and, 
hence, they serve not only to transmit a positive pressure to the collecting 
venules leading from the bed, but also to maintain a consistent degree of 
outward filtration. The network of true capillaries, on the other hand, 
exhibits recurrent variations of pressure with concurrent shifts in its 
role of fluid exchange. The peculiar structure of the sphincteric pre¬ 
capillary offshoots, which lead into the network, and the arrangement 
of the postcapillaries, which lead out of it, makes for a lowering of the 
hydrostatic pressure to the degree that the network characteristically 
serves for inward filtration. 

We thus have a pattern in which outward and inward filtration occur 
at different sites throughout the capillary bed. Two main features are 
controlled in this type of circulation. One is the possibiHty of a shift 
in the balance of outward and inward filtration within the capillary bed, 
either by keeping the blood flow predominantly in the preferential chan- 
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nels or by dispersing it throughout the true capillaries. The other feature 
is the ability of the capillary circulation, (a) to be relatively independent 
of pressure and of flow conditions in the systemic circulation, and (b) to 
permit local tissue conditions to outweigh outside influences. 

The controlling factor is vasomotion. Vasomotion is the term applied 
to the spontaneously recurring periods of relaxation and constriction of 
the tihoroughfare channel and of the sphincters of its precapillary offshoots. 
The dilator and constrictor phases of the vasomotion alternate with one 
another from minute to minute, and the duration of one or the other 
phase varies under different physiological conditions. The vasomotion of 
the muscular, proximal portion of the thoroughfare channels (the 
metarteriole) is wavelike and exerts a milking action on the inflowing 
postcapillaries which lead into the distal portion of the channel. The 
vasomotion of the precapillary offshoots consists of a periodic opening 
and closing of their lumina and conditions the flow tihirough the true 
capillaries. The true capillaries thus exhibit alternate periods of varying 
hydrostatic pressure. 

The delicately balanced activity of vasomotion depends upon vaso- 
excitor and vasodepressor factors. Some of these, chiefly the vasodepres¬ 
sor, are of local tissue origin. This enables the vasomotion to act as a 
mechanism for locally regulating the distribution of blood and the extent 
and duration of inward and outward filtration in the capillary bed. 

The direct action of the vasomotion affects the fluid exchange by 
determining the flow of blood to be either through the thoroughfare 
channels or by way of the true capillaries. The fluid exchange is also 
affected indirectly by the influence which the distribution of blood has 
on the rate of venous outflow from the capillary bed. For example, 'when 
vasomotion is deficient or absent, the precapillaries remain open and the 
propelling force of the pressure transmitted by the arterioles becomes 
dissipated through the numerous capillaries of the bed. This spread of 
flow causes a slowing in the rate of overall movement throughout the 
entire bed, with the result that blood tends to accumulate in the collecting 
venules. This induces sufficient back-pressure to favor an overall, out¬ 
ward filtration. On the other hand, when vasomotion is active, the flow 
through the capillary bed is increasingly restricted to the preferential 
channels, so that the propelling force of ihe arterial pressure is not dissi¬ 
pated but enhances a rapid flow in the collecting venules. The rapid 
venous flow favors drainage from the true capillaries in which inward 
filtration is thereby accentuated. 

To sum up, deficiency or absence of the vasomotion shifts the balance 
of fluid exchange in favor of outward filtration, while enhanced vaso¬ 
motion shifts the balance to inward filtration. Tlius, the hemodynamic 
relations of fluid movement through one or another of the vascular com¬ 
ponents of the bed are of major significance in affecting fluid exchange 
between the blood and tissue. It follo'ws that some types of edema are 
the result of disturbances in the vasomotion mechanism and do not neces¬ 
sarily involve alterations in the permeability of the capillary wall. 
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We may recapitulate the influence of vasomotion on the relative effec¬ 
tiveness of the hydrostatic and of the colloid osmotic pressures in the 
different regions of the capillary bed. Variations in vasomotion are of two 
sorts: (a) alterations in the rate of the intermittent caliber-changes of 
the thoroughfare channel; and (b) alterations in the relative duration of 
the constrictor and the dilator phases of the precapillary sphincters. The 
most effective hydrostatic pressure occurs in the thoroughfare channel, 
along the length of which the onw’ard flow is fairly constant and rapid. 

The colloid osmotic pressure is most effective in the network of true 
capillaries. However, its effectiveness in absorbing fluid from the tissue 
is variable. The successive periods of flow and absence of flow in the 
true capillaries constitute a mechanism w^hereby the colloid osmotic pres¬ 
sure becomes periodically greater than the hydrostatic pressure. 

The hydrostatic pressure in the thoroughfare channels depends on 
the vasomotor activity of the terminal arterioles outside the capillary 
bed. and this acti\dty maintains the hydrostatic pressure at a constant level 
despite fluctuations in the systemic blood pressure. The arterioles accom¬ 
plish this by undergoing constriction w'hen the arterial pressure rises, and 
by dilating when the pressure falls. This allow’s the capillary circulation 
to maintain a degree of autonomy from the pressure in the systemic cir¬ 
culation. Under certain conditions, this degree of autonomy is upset, 
e,g., by the intravenous injection of fever-producing toxins. The 
arterioles become dilated, thereby increasing the hydrostatic pressure, 
but without changing the normal rhythm of the vasomotion of the 
thoroughfare channels. The dilated arterioles permit the blood to enter 
the capillary bed under an increased head of pressure. The unaltered 
activity of the vasomotion favors the flow through the thoroughfare 
channels, where the increased pressure enhances outward filtration. On 
the other hand, the true capillaries maintain their normal, intermittent 
flow with no corresponding increase of inward filtration. The result 
is that the overall balance is in favor of outward filtration, with con¬ 
sequent hemoconcentration. 

It is also possible to have hemodilution with no change in the vaso¬ 
motion. This occurs under circumstances when the head of pressure 
entering the capillary bed is significantly reduced, as, for example, im¬ 
mediately after the onset of bleeding in acute hemorrhage. The larger 
arteries and arterioles undergo vasoconstriction to accommodate the 
suddenly reduced blood volume. Widespread vasoconstriction occurs 
to compensate for the suddenly reduced blood volume. This is also 
reflected in the terminal arterioles, so that the effective hydrostatic pres¬ 
sure in the thoroughfare channels is lowered, wdth the consequent reduc¬ 
tion of outward filtration. However, vasomotion remains unaltered, so 
that the flow in the true capillaries is undisturbed and the normal rate of 
inward filtration is maintained. This shifts the balance of outward to 
favor inward filtration and results in hemodilution. 

The above phenomena illustrate imbalances in fluid exchange in the 
capillary bed \vithout any disturbance in vasomotion, the imbalances 
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resulting only from changes in the vasomotor activity of the terminal 
arterioles. There are also instances in which accelerated vasomotion 
alters the balance of fluid exchange. For example, when the loss of 
blood during acute hemorrhage exceeds two per cent of the body weight, 
the vasomotion becomes accelerated and this mechanism still further 
accentuates hemodilution. This is to be explained as follows. As the 
frequency of the vasomotion increases, the duration of the constrictor 
phases become prolonged, relative to the dilator phases. Concomitant 
with the long, constrictor phases of the precapillary sphincters, there is 
a progressive longer period during which the hydrostatic pressure in the 
true capillaries remains extremely low. As a consequence, inward filtra- 
tion and tissue dehydration are accentuated. Moreover, the wavelike 
milking action of the enhanced vasomotion of the thoroughfare channel 
facilitates drainage of the true capillaries into the venous circulation. 

We have been considering instances in which either the vasomotion 
or the state of constriction of the feeding arterioles are affected, separately. 
When both are aJffected simultaneously, edema results. A suspension of 
vasomotion together with a dilated state of the feeding arteriole flushes 
the entire bed, with consequent excessive outward and little or no inward 
filtration. 

A list of the factors which influence vasomotion is of interest in this 
discussion. Enhanced vasomotion occurs with acute hemorrhage, sym¬ 
pathetic stimulation, intravenous administration of adrenalin, angiotonin, 
or adrenal cortical extract. Diminished vasomotion occurs with rise in 
temperature (37.5 to 41® C.), decrease in temperature by from 10 to 
20® C., direct trauma, increased vital activity of the tissue (muscular 
exercise, secretory activity, etc.), or elaboration of vasodepressor prin¬ 
ciples following prolonged anoxia. Many agents which have been found 
to increase capillary circulation do not necessarily depress vasomotion. 
Among these are histamine, adenylic acid, adenosine, kallikrein, and 
acetylcholine. 

There is an intimate relation between vasomotion and the rate of 
lymph flow in the terminal lymphatic channels. This was studied in the 
mesentery of the cat, dog, mouse, and rat. During the resting state of 
the tissue, the vasomotion is active to the extent of producing relative 
ischemia when little or no flow of lymph can be discerned in the terminal 
lymphatics. The absence of an active circulation in the bed makes the 
IdLTg^ surface furnished by the true capillaries available for inward filtra¬ 
tion and leaves no excess of fluid in the tissues. 

On the other hand, during the active state of the circulation, the vaso¬ 
motion is diminished, so that an overall hyperemic flow is favored. The 
prolonged periods during which the precapillary sphincters remain dilated 
favor outward filtration in the true capillaries. This is accompanied by 
an appreciably increased flow of lymph in the terminal lymphatics. 
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Department of Biology^ Washington Square College of Arts and Science, 

New York University, New York, N. Y. 

The problem confronting the investigator in experimental shock is a 
complex one, involving as it does a multiplicity of changes which occur 
simultaneously in the circulatory system as a whole. Since the circulatory 
collapse during shock is essentially peripheral in origin, a systematic 
inquiry into the hemodynamics of the peripheral vascular apparatus 
seemed to offer a direct approach to some of the more fundamental 
aspects of the syndrome. By focusing attention on the peripheral vascular 
system as a discrete organic unit with its own special physiology, it was 
possible to demonstrate the relationship of speciiSic defects in this system 
to the broad, overall features of the syndrome. 

The relative inaccessibility of the extreme peripheral portion of the 
vascular tree has made it the object of considerable speculation and has 
resulted in its being used as a convenient source of othenvise not-to-be- 
explained variations in the general circulation. The w’ork of such 
pioneers as Krogh, Dale, Lewis, and Clark has demonstrated that the 
terminal ramifications of the arterial vascular tree are not merely a series 
of inert tubes which serve to bridge the gap between arteries and veins 
but represent discrete organic units whose delicately balanced activity 
controls the distribution of blood to the tissues. On this basis, the minutiae 
of the peripheral vascular apparatus, the terminal arterioles, precapillaries, 
capillaries, and venules are collectively referred to as the capillary bed, 
a system of vessels which possesses a considerable degree of independence 
from the circulation at large and is capable of responding selectively to 
tissue influences of both local and general origin. 

The complexity of the peripheral vascular apparatus makes it difScult 
to detect changes in its component structures without direct visualization 
of the vessels concerned. On the whole, the chief objection to previous 
observational studies on the peripheral circulation has been the failure to 
ascertain the extent to which traumatic disturbances, incidental to pre¬ 
paring the tissue for obser\"ation, interfere with the normal reactivity 
of the vessels. It appeared essential, therefore, first, to make an intensive 
study of the mechanisms which integrate the distribution of blood through 
the capillary bed under normal conditions, and then to ascertain whether 
alterations in these mechanisms occur during secondary shock. Several 
groups of investigators^*^ have assigned the vascular lesion in shock 
to a generalized increase in capillary permeability, a hypothesis for which 
no supportive evidence has been forthcoming. In view of the precisely 
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balanced character of the peripheral vascular control, a default in these 
circulatory adjustment mechanisms appeared to be a probable explanation 
of the circulatory collapse in shock. Direct microscopic observations give 
a continuous record which effectively mirrors the progressive impairment 
of the efiSciency of the cardiovascular system in supplying the tissues 
with blood. 

Observations of the visceral circulation in the dog, cat, and rat follow¬ 
ing hemorrhage^’ ^ have revealed a close parallelism between the pro¬ 
gressive changes in the terminal blood vessels and the physiologic state of 
the animal. The vascular reactions were sufficiently clcar-cut to make it 
possible to resolve the hemorrhagic syndrome into two distinct sets of 
reactions, m initial one in ^vhich the vascular system compensates for the 
reduced amount of blood in circulation, and a subsequent decompcnsatoiy’ 
phase in which the factors serving to restrict the circulation are pro¬ 
gressively undermined and, in many instances, reversed. Emphasis is 
placed on this latter set of changes, which appear as the shock becomes 
deeper and which are associated with the so-called “irreversible” state. 
Under conditions of prolonged generalized ischemia, such as accompanies 
severe hemorrhage, the terminal components of tlie vascular tree develop 
a disharmony with the rest of the circulation and act independentiv of 
the larger blood vessels to bring about a more adequate blood flow to the 
tissues. This decompensatory tendency of the peripheral vascular appara¬ 
tus is of paramount importance in the circulatory collapse resulting from 
hemorrhagic procedures, since it invariably presages the development of 
a state refractory to blood replacement therapy. 

In the present study, t^\^o types of approach were used: (a) continuous 
direct observations of the capillary bed were made in the shocked animal 
throughout the syndrome; and (b) the blood of the shocked animal was 
routinely examined for substances whose vascular effects could be passively 
transferred into test animals. This was done by observing the effects on 
the reactivity of the terminal arterioles of normal rats following the 
injection of blood samples taken from shocked animals. 

METHODS 

Preparation of Omentum. Dogs were anesthetized, either by 
sodium pentobarbital (30 mg. per kilogram), or by morphine (12 mg. per 
kilogram), A portion of the omentum was carefully withdrawn through 
a transverse incision on the left side of the dog at about the level of the 
umbilicus. The exposed omentum w’as enclosed in a rubber sheath and 
the incision closed by sewing the ends of the sheath to the cut edges of the 
peritoneum. The free end of the sheath was then cut open and the 
edges fastened to a specially prepared moist chamber. A small portion 
of the omentum w^as withdrawn from the open sheath and draped over 
a glass horse-shoe support w’hich rested in the center of the chamber. 
The excess folds of the exposed omentum 'were covered writh cotton and 
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the entire preparation kept moist and maintained at body temperature 
with a constant drip of warm gelatin-Ringer’s solution. 

Bleeding Procedure. The dogs were then bled by successive re¬ 
movals, at 10 to 15 minute intervals, of 2, 1, 0.5, and 0.25 per cent of the 
body weight until the blood pressure was brought to the desired level. 
Further small bleedings or small transfusions were employed to maintain 
the animal within a given range of hypotension for an extended period 
of time. The most satisfactory method for producing a consistently 
reproducible h\potensive state, irreversible to transfusion, was that recom¬ 
mended by Wiggcrs.^ This consists of a comparatively long period of 
moderate (50 to 60 mm. Hg), followed by a period of drastic (35 to 45 
mm. Hg) h^’potension. The length of the two periods varied with 
different dogs and with the anesthetic agent used. Our observations on 
the capillary bed reveal that, regardless of the type of bleeding employed 
to lower the blood pressure, the essential feature was the development of 
an inadequate peripheral blood flow over a given period of time. The 
more severe the stagnation, tlie shorter was the duration required to pro¬ 
duce an irreversible state of shock. On the average, a 45 to 90-ininute 
period of profound hypotension served to precipitate an irreversible type 
of circulator}’ collapse. 

Vascular Criteria. The mesentery and omentum possess alternating 
periods of greater and les^^er blood supply, during which the blood 
becomes periodically restricted to centrally placed preferential channels, 
with the majorit}’ of the capillaiy* vessels being devoid of an active blood 
flow.®’ The same preferential channels were the only components of 
the capillary bed ^\hich showed spontaneous and easily recognizable cali¬ 
ber changes, and were the only capillary vessels which responded to 
physiologic concentrations of epinephrine. It was clear that the periph¬ 
eral blood vessels beyond the arterioles were not haphazardly dis¬ 
tributed but consisted of groups of functional units, each built around 
a central muscular channel from which capillary side branches are given 
off (figure 1). The immediate junctional portion of the capillary 
offshoot was encircled by one or two well-defined muscle cells, permitting 
this strategically located component to maintain a sphincteric control of 
the blood flow into the capillary network. For this reason, the term 
“prccapillaiy’ sphincter” has been used to designate this component of 
the capillary bed. 

The normal reactions of the capillary bed are regulated so as to ensure 
a local blood flow commensurate with the needs of the tissue. In general, 
it has been found that the maintenance of normal peripheral circulatory 
adjustments was dependent upon an equilibrium between two oppositely 
acting sets of factors. One, which appeared to be of both nervous and 
humoral origin, had a restricting influence on the capacity of the periph¬ 
eral vascular bed and was characterised by a potentiating or excitor 
effect on the reactivity of the terminal muscular components. The 
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second, related to cellular metabolic changes, of either local or remote 
origin, served to increase the amount of blood reaching the tissues and 
was diaracterized by an inhibiting or depressor effect on peripheral 
vascular reactivity. For example, the development of hyperemia during 
increased tissue activity was marked by a progressive slowing-down of the 
intermittent vasomotion of the terminal arterioles and precapillaries and 
its eventual suspension. This was then followed by a diminished respon¬ 
siveness of the terminal muscular elements to epinephrine. The ensuing 
dilatation of these vessels, especially of the precapillary sphincters, per¬ 
mitted an overall flow through the entire capillary bed. 

Two specific sets of reactions were selected as satisfactory criteria for 
reflecting deviations from the normal state of functional reactivity: 
(1) response of the terminal vascular elements to epinephrine; (2) varia¬ 



tions in the character and frequency of the spontaneous, periodic changes 
in cahber exhibited by the terminal arterioles and the precapillary 
sphincters. 

The terminal muscular vessels were highly sensitive to epinephrine, 
responding to dilutions to which none of the larger blood vessels react. 
When selected arterioles were observed over an extended period of time, 
they showed little or no deviation from the control levels of epinephrine 
reactivity established at the beginning of the experiment. Persistent 
deflections from this basal level of epinephrine reactivity were, therefore, 
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significant, and it was possible to distinguish two sets of changes: those 
associated with an enhanced responsiveness to epinephrine, and those with 
a decreased responsiveness. 

The terminal arterioles and precapillary sphincters showed a slow inter* 
mittency of partial relaxation and constriction at intervals of about 
30 seconds to 3 minutes. This intermittent activity, termed vasomotion^ 
was distinct from that of the larger blood vessels and bore no apparent 
relation to their vasomotor movements. It serves as a mechanism for 
selectively restricting the peripheral blood flow and appears to be the 
mechanism which locally adjusts the peripheral blood flow to the needs 
of the tissue. 

Following hemorrhage, the vasomotion generally became augmented 
and then depressed. By “augmented” is meant a condition in which the 
frequency of periodic contraction-relaxation cycles is increased, and in 
which the constrictor phase becomes increasingly predominant. By 
“decreased” is meant a condition in which the frequency of the contrac¬ 
tion-relaxation cycle is diminished below normal and in which the dilator 
phase becomes progressively predominant. 

Rat Mesoappendix Test. The presence of active humoral prin¬ 
ciples in the blood of the shocked animal was detected by noting altera¬ 
tion in the reactivity to epinephrine of the terminal arterioles and pre- 
capillaries, following the intravenous injection of the blood sample into 
normal test rats. The use of small test animals, such as rats, permitted 
the withdrawal at repeated intervals of blood samples sufficiently small 
not to overemphasize the oligemic aspects of the syndrome through the 
removal of excessive quantities of blood. 

Previous attempts at reproducing shock effects by the injection of 
blood from one animal into another have relied upon blood pressure 
or survival as test criteria. The present approach, by relying on specific 
vascular changes found to occur in the shock syndrome, offered a more 
objective set of criteria for detection of bloodbome principles.® 

For these tests, normal 100 to 150-gram rats were anesthetized with 
3 to 4 mg. of sodium pentobarbital, and the mesoappendix was exposed 
for microscopic observation. An essential precaution is to keep the 
exposed mesentery at body temperature and constantly moistened by 
means of a drip of Ringer-gelatin solution. For the test, 0.5 cc. of shock 
serum or plasma was injected intravenously into the rat and determina¬ 
tions were made of the ensuing changes in the rate of blood flow, vaso¬ 
motion, and response of the terminal arterioles to topically applied epine¬ 
phrine. Activity of the blood samples was quantitated on the basis of 
the disturbance in the reaction of the vessels to epinephrine. 

The minimally effective or threshold concentration of epinephrine was 
arrived at by testing the reaction of the arterioles and precapillaries to 
successively increased concentrations of epinephrine, until a concentration 
was found whose topical application produced a temporary, partial con¬ 
traction of a selected terminal arteriole sufficient to slow down or inter- 



558 


ANNALS NEW YORK ACADEMY OF SCIENCES 


nipt the capillary flow for 10 to 20 seconds. Blood samples were recorded 
as vasoexcitor when their injection induced an increased reactivity of 
the terminal arterioles to epinephrine, and as vasodepressor ^vhcn they 
brought about a decreased response. Samples were recorded as neutral 
when no change was detected except for a transitory speeding of blood 
flow due to the fluid introduced by the injection. It should be noted 
that the terms, vasoexcitor and vasodepressor, refer to the overall inhibit¬ 
ing or potentiating effects on the reactivity of the terminal blood vessels 
and do not refer to grosser phenomena, such as blood pressure changes 
or vascular dilatation. 

EXPERIMENTAL RESULTS 

Two Types of Peripheral Circulatory Failure* The existence of 
two different types of peripheral circulatory failure following hemorrhage 
was clearly indicated by the changes in the peripheral blood vessels. A 
primary differentiation was made between the effects of acute hemorrhage 
and those of a graded series of bleedings. The rapid withdrawal of 
enough blood to produce a sustained fall in blood pressure below 40 to 
45 mm. Hg resulted in a mechanical upset of the peripheral blood flow 
of sufficient magnitude to precipitate circulatory failure before the func¬ 
tional integrity of the capillary bed became impaired. The peripheral 
circulation, under these conditions, was featured by a tremendously en¬ 
hanced reactivity of the blood vessels to epinephrine and to mechanical 
stimuli. A different situation arose when the hypotensive state was pro¬ 
longed by a series of graded small bleedings and infusions. Graded 
hemorrhage produced a hypotensive syndrome which was characterized by 
progressive deterioration of the reactivity of the functional components 
regulating the peripheral blood flow. When sufficiently prolonged, a 
stage was reached which could not be repaired by simply restoring the 
blood volume to normal levels. 

Acute Hemorrhage. The reaction of the peripheral vascular 
apparatus to blood loss per se was essentially compensatory in nature, 
being an attempt to reduce the capacity of the vascular tree without 
drastically curtailing the blood supply to vital tissues. 

It is well established that hemorrhage is accompanied by widespread 
vasoconstriction. Investigators who have examined the peripheral cir¬ 
culation in the cutaneous tissues®* agree on flic development of a 
marked vasoconstriction resulting in complete ischemia of flic skin. Page 
and Abell,^^ who bled dogs and cats, also observed constriction of the 
larger arteries and veins in the intestinal mesenteiy’ exteriorized in a 
specially constructed transparent chamber. We have found that the 
extent and intensity of vasoconstriction varied considerably in different 
tissues, making it difficult to generalize from observations restricted to a 
given tissue. When anesthetized, dogs and rats were bled acutely one 
to two per cent of their body weight, the first vascular change which 



ZWEIFACH ET AL,: PERIPHERAL BLOOD VESSELS 


559 


developed was a constriction of the larger blood vessels, especially the 
arteries between 100 to 300 micra in diameter. By having two observers 
simultaneously study both the skin and visceral vessels, it was possible 
to demonstrate that the cutaneous vessels reacted considerably earlier 
to blood loss than did the visceral vessels. Moreover, the ischemia of the 
skin vessels was almost complete, the blood being shunted into the deeper 
subcutaneous plexuses. At a time when cutaneous blood flow had already 
been severely curtailed, the flow through the mesenteric capillary vessels 
remained rapid and adequate. When greater amounts of blood were 
withdrawn (2 to 3 per cent of body weight), the larger arteries and 
veins xmderwent a progressive narrowing to about one-half their original 
diameters. Despite this, the terminal arterioles and muscular venules 
remained open and the flow through them relatively unaffected. It was 
not until the depletion of blood and the accompanying vasoconstriction 
of the arteries were of suficient magnitude to slow the blood flow through 
the peripheral vascular bed, that significant changes in the reactions 
of the terminal blood vessels occurred. The compensatory response of 
the peripheral blood vessels was initiated by the development of a hyper¬ 
reactive condition in which there occurred an increasingly enhanced 
reactivity of the terminal muscular vessels to epinephrine, together with 
a five to ten-fold increase in the spontaneous vasomotor movements of 
the smallest arterioles and precapillaries. The development of this type of 
augmented reactivity served to confine the blood to the most direct, 
thoroughfare capillary channels, thereby reducing the amount of blood 
in the capillary bed and ensuring an adequate return of venous blood 
to the larger veins. Furthermore, the presence of a large number of 
open capillaries with intermittent flow made a large capillary surface 
available for inward filtration of fluid. This, combined with the active 
drainage of the capillaries which was occasioned by the periodic flushing 
of the bed as a result of the increased vasomotion, favored hemodilution.^- 
Hematocrit readings of the blood taken during the hyperreactive period 
sho\v’ed a decreased cellular content, the hematocrit readings falling from 
an average value of 42 per cent to about 30 per cent. When the blood 
loss was excessive (4 per cent of body weight and greater), circulatory 
failure developed despite the persistence of an augmented peripheral 
vascular reactivity. The capillary bed remained ischemic and blanched 
up to the point of death of the animal. The smaller arteries were com¬ 
pletely constricted, their lumina being visible as mere lines. Only the 
veins and collecting venules contained blood. In these experiments, the 
disruption of the dynamics of the peripheral circulation was brought 
aboui by the reduced blood volume and attending vasoconstrictor changes. 
Blood progressively stagnated in the venous channels, the capillary bed 
remaining highly ischemic. Death ensued before stagnation was pro¬ 
longed sufficiently to impair the functioning potentialities of the periph¬ 
eral vessels. Such animals could be recovered by the expedient of the 
reinjection of blood withdrawn during the experiment. 



560 


ANNALS NEW YORK ACADEMY OF SCIENCES 


Graded Hemorrhage. With this type of hemorrhage, the earlier and 
later stages of the syndrome exhibited striking circulatory differences. 
During 4e earlier period of the syndrome, the reactions were essentially 
compensatory, viz,, generalized vasoconstriction of the larger blood 
vessels, accelerated vasomotion of the terminal arterioles and precapillary 
sphincters, and hyperreactivity of these vessels to epinephrine. On the 
other hand, when the hypotension was profound and unrelieved by 
adequate transfusion, an antagonistic set of vascular changes progres¬ 
sively appeared as the shock became deeper. The initial hyperreactive, 
compensatory state was replaced by a hyporeactive, decompensatory state 
of the peripheral vascular bed. The onset of vascular decompensation 
was made evident by a progressive falling-off of the reactivity of the 
terminal arterioles to epinephrine. This tendency was associated with 
a slowing of the spontaneous vasomotor caliber changes in the terminal 
arterioles and precapillaries and eventually by a complete suspension of 
such movements, the vessels remaining in a state of partial relaxation. 
The loss of these restraining compensatory influences is indicated in 
TABLE 1, which summarizes the vascular changes observed under such 
conditions. The opening of the precapillary sphincters permitted increas¬ 
ing amounts of blood to be diverted into the capillary side channels, from 
which it failed to return to the active circulation. Circulatory collapse 
ensued despite the persistence of the generalized vasoconstriction of the 
larger blood vessels, which remained relatively unaffected throughout. 
The inadequate return of venous blood from the peripheral vascular 
apparatus to the heart left that organ incapable of maintaining an effec¬ 
tive cardiac output and blood pressure, and a point finally was reached 
where a continuous circulation was impossible and respiratory and cardiac 
failure rapidly developed. 

Criteria of Irreversibility. Blood pressure by itself was found to 
be an unreHable prognostic criterion. Following equivalent blood-loss, 
the fall in blood pressure varied considerably from animal to animal, so 
that no accurate correlation could be made between the blood pressure 
levels and the degree of impairment of the peripheral circulation. The 
feature w'hich most accurately reflected the condition of the animal 
following hemorrhage was the ability to maintain an effective blood flow 
through the capillary bed. Blood loss up to 2.5 per cent of body weight 
had no significant effect on capillary blood flow in the omentum of the 
dog. With more severe blood loss, slowing of the capillary flow occurred 
during each bleeding and was succeeded by partial restoration of the 
former rate of flow. The failure of the peripheral blood flow with 
increased blood-loss was most evident on the venous side of the vascular 
tree. The relative rates of flow on the arterial and venous sides of the 
capillary circulation thereby provided an excellent visual prognostic guide. 
It 'was found that the blood pressure level below which the dogs had to 
be maintained in order to induce irreversibility, corresponded in the 
omentum with the tension at which the return of blood by way of the 
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* Response of terminal arterioles and precapillaries to topical application of epinephrine. 
** Response of circulation In rat mesoappendix to intravenous injecUon of dog sernm. 
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venules and small veins was negligible. This critical blood pressure level 
varied not only in different individuals, but with the anesthetic agent 
which was used for the experiment.^® 

During the latter stages of the hemorrhagic shock syndrome, the 
animal showed a repeated tendency to fail, although no blood was with¬ 
drawn. Under these conditions, the abrupt fall in blood pressure was 
always preceded by a complete cessation of peripheral blood flow and 
often by a retrograde flow of blood from the veins into the capillary 
bed. It would therefore appear that the continued fall in blood pressure 
during the hyporeactive stage was a direct result of preexisting circulatory 
impairment. This made the blood, pressure an extremely unreliable 
criterion as a prognostic guide during the latter stages of the shock 
syndrome. 

A further index of the progressive onset of an “irreversible” condition 
was the inability of the animal to respond to small test infusions. During 
the early stages of the syndrome, the infusion of small amounts of blood 
(2 to 3 cc. per kilogram of body weight) produced a significant rise in 
blood pressure (10 to 15 mm. Hg) which was frequently sustained for as 
long as 30 minutes. With the deepening of the shocked state, the 
response to test infusions became less marked and more evanescent. The 
refractory state of the blood pressure to infusions was paralleled by a 
correspondingly poor improvement in peripheral blood flow. Before 
irreversibility had set in, small test infusions not only produced a speeding 
of peripheral blood flow but caused a transient improvement in the 
responsiveness of the arterioles and precapillaries to epinephrine. 

Analysis of Factors Leading to Irreversible Stage. Wiggers recom¬ 
mends that, wherever possible, a differentiation be made betw'een initiating 
and perpetuating mechanisms during the shock syndrome. In so far as 
the capillary bed is concerned, there appear, following hemorrhage, two 
outstanding mechanisms. The initiating mechanism is that of widespread 
vasoconstriction, which follows immediately and is proportional to the 
blood-loss. Subsequent to this, the drastic curtailment of blood flow 
through the peripheral blood vessels results in the appearance of decom- 
pensatory changes antagonistic to the initial vasoconstricted state. 

It is possible to emphasize one or the other mechanism by the experi¬ 
mental procedure employed. Thus, in acute hemorrhage, the initiating 
mechanism of excessive and rapid blood loss is emphasized to such a 
degree that circulatory collapse occurs before the development of per¬ 
petuating mechanisms. This involves a purely mechanical type of cir¬ 
culatory failure in which vasoconstriction of the larger blood vessels and 
lowered blood pressure by themselves are sufficient to produce the semi¬ 
stagnation of flow and pooling of blood in the capillary bed. 

The hyperreactive state of the peripheral circulation progressively 
reverts to a subnormal condition when the animals are maintained, 
through the use of small infusions, in profound hypotension for a pro¬ 
tracted period. This sets into play mechanisms, which under normal 
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conditions would act to increase the blood flow through the tissue 
(diminished vasomotion with the dilator phase predominating, reduced 
responsiveness to epinephrine, thereby presumably reducing the response 
of the muscular components of the capillary bed to nervous and humoral 
stimuli, and the opening of numerous capillary channels to the circula¬ 
tion). These conditions serve to bring about a further disorganization 
of the peripheral circulation, a prominent feature of which is atony of^ 
the muscular components. The capillary bed now becomes an inert 
net\vork of vessels with no active role in the distribution of blood and its 
return from the tissues. The outflow of blood through the venules 
becomes disproportionately reduced \dth respect to the arteriolar inflow, 
and an ever-increasing proportion of the circulating blood accumulates 
in the capillary bed. 

There appears to be no controversy concerning the overall hemo- 
d^-namics of the irreversible stage of hemorrhagic shock. Direct observa¬ 
tion of the peripheral vascular system indicates a further intensification 
of the oligemic state, by sequestration of blood from the active circulation 
into the capillary bed, especially the collecting venules. Such a trapping 
of blood is also indicated by the experiments of Fine, Frank, and Selig- 
man,^^ who produced an irreversible condition using the Lamson bottle 
technique and noted a persistent “taking-up” of blood from the bleed-out 
reserv^oir back into the animal ^nth no comparable improvement in the 
blood pressure. Further evidence of a trapping of blood in the peripheral 
vascular apparatus of “irreversible” animals is seen in the appearance of 
the different organs following the failure to respond to the reinfusion of 
the blood previously withdrawn. The liver, gut, kidneys, and adrenals are 
highly congested, in contrast to the pale appearance of these organs 
following circulatory collapse induced by uncomplicated hemorrhage. 
It should be noted that the development of decompensatory phenomena in 
the latter stage of the hemorrhagic syndrome need not necessarily result 
in an abnormal congestion of blood in the tissues. The return of the 
vascular bed from a restricted to a normal state in the presence of a 
severely depleted blood volume is sufficient to precipitate circulatory 
collapse. 

There remains the problem of weighing the relative importance of the 
factors responsible for the decompensatory vascular phenomena. It is 
necessary, in individual cases, to determine the extent to which the 
irreversible state can be attributed either to a wearing-off of vasoexcitor 
(VEM) influences or to the appearance of positive deleterious factors. 

Fluid Replacement Therapy Following Hemorrhage. During the 
initial, hyperreactive stage of the hemorrhagic shock syndrome, it was 
possible to restore the dynamics of the capillary circulation to normal 
levels by the infusion of any one of the following fluids: physiological 
saline, 5 per cent bovine albumin, plasma, or whole blood. During the 
transitional stage, in which the hyperreactive aspect of the syndrome was 
shifting towards hyporeactivity, saline infusions became ineffective. Dur- 
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ing the latter part of this transitional stage and during the early hypo 
reactive stage^ hovine albumin became mefFective. Finally^ when hypo- 
reactivity had definitely set in, as determined by the observed reactions of 
the omental vessels, recovery was no longer possible even with whole blood 
or plasma, irrespective of whether large amounts (up to 8 or 9 per cent 
of body weight) were used, or the infusion was prolonged for several 
hours. 

The reversibility of the hemorrhagic shock syndrome by fluid infusion 
during the hyperreactive and early transitional stages indicates that the 
effects of vasoexcitor factors, which are prominent during these stages, 
can be coimteracted by fluid therapy alone. 

On the other hand, during the hyporeactive stage, the vasodepressor 
effects became increasingly difficult to overcome by fluid replacement. 
Fluid I'T'fimmn during the hyporeactive stage often raised the blood pres- 
sme to approximately normal levels and set up a flow in the capillary bed, 
but these reactions were transitory and disappeared after the infusion was 
stopped (see figure 2). In many instances, it was possible, by means of 



FiGUBB 2. Protocol of vascular reactions in omentum of dog subjected to hemorrhagic shock 
and Infused with whole blood during irreversible stage of syndrome. Note the failure of the 
vascular reactions to show an improvement comparable to the magnitude of blood pressure rise 
immediately fo^wing infusion of blood. 
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repeated infusions^ to maintain an active capillary flow and to keep the 
blood pressure as high as 80 to 90 mm. Hg for as long as 2 to 3 hours. 
Despite this, there was no return of spontaneous vasomotion, the muscular 
vessels of the bed remained refractory to epinephrine, and atony of the 
arterioles and venules persisted. Under such conditions, the prolonged 
infusion of blood or plasma caused an abnormal dilatation of the terminal 
arterioles and metarterioles, indicating the loss of their normal com¬ 
pensatory adjustment reactions. Within 20 minutes after stopping the 
infusion, the capillary flow again slowed down and the dogs died shortly 
thereafter. 

Bloodborne Principles. The relation of the vascular changes to 
bloodbome principles was clearly established by injecting blood samples, 
taken at intervals following the initial bleedings, into normal rats and 
observing the reaction of the terminal blood vessels in the mesentery. 
Blood serum or plasma from normal dogs gave no demonstrable effect 
other than a brief speeding of the flow through the capillaries. In the 
initial hyperreactive stage, the blood contained a vasoexcitor material 
(VEM) which was detected by its epinephrine potentiating effect, the 
terminal arterioles showing a five to twenty-fold increase in reactivity. 
With the prolongation of the profound hypotension, VEM gradually 
disappeared from the blood and was replaced by a vasodepressor material 
(VDM) whose action on the capillary bed was decompensatory, making 
the terminal vessels increasingly refractory to epinephrine. An interesting 
feature was the finding that blood taken during the transitional stage gave 
a neutral effect in the rat test. This suggesed the possibility that such 
a state might be produced by the progressive accumulation of depressor 
substances in blood which already contained the vasoexcitor substances 
acquired during the previous compensatory phase. At certain levels of 
concentration of each substance, the net effect in the rat mesoappendix 
preparation would be neutral. Attempts were therefore made to frac¬ 
tionate the serum obtained from dogs in the neutral phase with the 
anticipation that both vasoexcitor and vasodepressor substances might be 
demonstrated in different fractions.* 

Neutral sera were fractionated by making acid-heat cuts at various pH 
levels. Serum samples were acidified by titrating with N. HCl to two or 
three pH levels, i.e., pH 6.0, 4.5, and 3.5. The acidified samples were 
heated for 10 minutes in a boiling water bath. On cooling to room 
temperature, the heat-coagulated proteins were removed by centrifuga¬ 
tion. The supernatants containing all proteins still in solution were 
adjusted to pH 7.2 and tested by injection into the tail vein of rats and 
by observing the effect on the mesoappendix circulation. By this means, 
it was found that samples of serum w’hich gave a neutral effect in the rat 
mesoappendix tests, could be fractionated into moieties possessing pressor 
or depressor activity, depending upon the pH at which the acid-heat cut 
was made. The vasoexcitor and vasodepressor substances obtained from 

* Dr. M. J. Kopac was responsible for the chemical fiactionation of the neutral sera samples. 
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blood were found to be stable to heat, to be associated with definite pro¬ 
tein fractions and non-dialyzable. 

These experiments indicate that in graded hemorrhage there was an 
early liberation into the blood of vasoexcitor substances, while during the 
later period of the shock syndrome there appeared a preponderance of 
vasodepressor material. It was during this latter period, when the vaso¬ 
depressors were in the ascendancy, that the animal became irreversible 
to the infusion of blood or plasma. 

Nature of Vasodepressor Principle. Attempts were made to re¬ 
produce the vasodepressor characteristics of shock blood by a variety of 
experimental procedures and by the use of known tissue extractives or 
drugs. Chief reliance was placed on the inhibition or depression of the 
response of the terminal arterioles and precapillaries to epinephrine. A 
summary of the effects produced by the different agents is given, in 
TABLE 2. 


Table 2 

Effect of Agents on Capillary Bed of Rat 



Dose 

(per 100 gm. rat) 

Effect on terminal arterioles 

Substance 1 

Vasomotion 

Epinephrine 

response 

Atropine sulfate 

0.1 to 1.0 mg. 

No effect 

No effect 

.\cetylcholine 

0.1 to 0.2 mg. 

No effect 

No effect 

Physostigmine 

0.1 to 0.2 mg. 

No effect 

No effect 

Adenylic acid 

0.1 to 0.5 mg. 

Enhanced 

No effect 

Diphosphopyridine 

1 to 3 mg. 

Slow increase 

No effect 

Kallikrein ♦ 

5 to 20 units 

Slowed 

No effect 

Histamine 

5 to 1000 y 

No effect 

Hyperreactive 

Histamine 

1 to 5 mg. 

Depressed 

Toxic 

Ergotamine tartrate 

10 to 100 y 

Depressed 

Depressed 

KCl 

3 to 20 mg. 

No effect 

No effect 

Leukotaxin ** 

0.5 cc. 

No effect 

No effect 

Spreading factor 
(testicular) f 

5 to 10 mg. 

! Slow depression 

No effect 

Shiga exotoxin ft 

0.6 to 3.0 mg. 

Slow depression 

No effect 

Cl. Welchii toxin J 

0.05 mg. 

Slow depression 

No effect 

Cl. Septicum toxin J J 

0.05 to 0.1 cc. 

No effect 

No effect 


♦ Padutin (Winthrop) 

Prepared by Dr. V. Menkin; saturated solution used. 

T Prepared by Dr. K. Meyer, 

Prepared by Dr. Bend Du Bos; LD-50 for 25 sm. mice = 0.08 mg. 

1 Courtesy of Dr. J. Aub. 

tt Prepared by Dr. Colin McLeod; 75 MLD per cc. 

The vascular effects of shock serum could not be reproduced in the 
test rat with normal serum containing free hemoglobin either in minimfll 
traces or in amounts exceeding that occasionally encoimtered in shock 
blood. The addition of K-f- ions (3 to 20 mg. KGl per 100 gram rat) 
to normal plasma or serum before intravenous or intramuscular injection 
of 100-200 mg. of K.C1 did not produce vasodepressor effects in the 
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terminal arterioles and precapillaries of the test rat. Atropine, in quanti¬ 
ties sufficient to abolish the acetylcholine effect on blood pressure (0.1 to 
1.0 mg. per 100 gram rat), had no direct effect on the capillary bed. 
Atropinization of the test animal likewise did not abolish the vasodepres¬ 
sor actions of shock serum, indicating that they are probably not due to a 
choline derivative. Physostigmine, and acetylcholine in concentrations 
sufficient to lower the blood pressure (0.1 to 0.2 mg.) had no direct action 
on the reactivity of the vessels of the capillary bed. The injection of 
muscle adenylic acid (0.1 to 0.5 mg. per 100 gram rat) caused a marked 
slowing of peripheral blood flow and a fall in blood pressure. There 
was only a moderate dilatation of the terminal arterioles, with increased 
vasomotion and no depression of the reactivity to epinephrine. Diphos- 
phopyridine nucleotide (1 to 3 mg. per 100 gram rat) had an action 
similar to, but less intense than, that of adenylic acid. A kallikrein sub¬ 
stance derived from pancreas, Padutin (Winthrop), produced, with 5 to 
20 units per 100 gram rat, a moderate fall in blood pressure and a 
dilatation of the muscular venules. The arteriolar vasomotion persisted 
except that the dilator phase was maintained for relatively longer periods 
than normal. Epinephrine reactivity was not affected. Minimal con¬ 
centrations of 5 to 1,000 gamma per 100 gram rat of histamine produced 
a slight fall in blood pressure, a slowing of flow in the capillary bed, a 
dilatation of the venules, and a hyperreactivity of the arterioles to epine¬ 
phrine, with no loss of arteriolar vasomotion. Higher concentrations 
(1.0 to 5.0 mg. per 100 gram rat), produced a marked fall in blood 
pressure, a constriction of the smaller arteries, a slowed flow, and a 
cessation of vasomotion with the arterioles dilated. The arterioles and 
precapillaries became hyperreactive to epinephrine. A variety of bacterial 
toxins and tissue extracts (listed in table 2) were also tested, but none 
produced the type of vascular response characteristic of shock serum or 
plasma. Ergotamine tartrate, in concentrations of 10 to 100 gamma per 
100 gram rat, produced an epinephrine refractory condition in the 
arterioles similar to that produced by shock serum. 

Individual Differences in Response to Blood Loss. A wide range 
of individual variability in the resistance to hemorrhage is an integral 
feature of the syndrome. During the past several years, in our studies 
on vascular phenomena in shock, over 200 mongrel dogs, selected at 
random, were subjected to hemorrhagic procedures. The dogs could 
be classified imder three general categories, on the basis of the amount 
of blood-loss tolerated. About 12 per cent of the animals withstood 
considerable blood-loss, as high as 6.0 to 6.5 per cent of body weight, 
before showing symptoms of shock. At the other extreme was a some¬ 
what larger group, about 22 per cent of the animals, w^ho w^ere pre¬ 
cipitated into shock by comparatively small bleedings, 2 to 3 per cent of 
body weight. The majority of the animals, 67 per cent, were inter¬ 
mediate l^tween these, requiring about 4 to 5 per cent blood loss to 
precipitate shock. 
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The behavior of the animals in this respect was reflected by their 
tendency towards compensatory or decompensatory vascular responses. 
Thus, the resistant group of animals went into fatal circulatory collapse 
with compensatory reactions, such as vasoconstriction, increased frequency 
of intermittent caliber changes of terminal arterioles, and hyperreactivity 
to epinephrine persisting until shortly before death. On the other hand, 
dogs susceptible to hemorrhage showed only moderate or no compensatory 
vascular changes. Hyporeactivity developed early and was followed by a 
progressive deterioration of peripheral blood flow. Circulatory collapse 
occurred following the progressive suspension of spontaneous vasomotor 
caliber changes and ultimate unresponsiveness of the arterioles to epine¬ 
phrine. The large majority of animals showed a blend of initial com¬ 
pensatory and subsequent decompensatory vascular phenomena. 

The factors leading to a collapse of the circulation can best be con¬ 
sidered by noting that, basically, shock develops when there no longer 
is a delicate equilibrium between the amount of blood in actual circula¬ 
tion and the capacity of the vascular tree. Two fundamentally different 
types of disturbances can initiate and contribute to an unbalanced hemo¬ 
dynamic state. On the one hand, there are those factors directly affect¬ 
ing the blood volume, such as hemorrhage, or the loss of plasma into 
traumatized tissues, or dehydration. On the other hand are indirect 
factors which unduly increase the vascular space through which the 
blood is being circulated and result in an inadequate return of blood from 
the peripheral vascular apparatus to the heart, thereby reducing the 
effective circulating blood volume. Thus, with regard to the basic 
mechanisms undertying the collapse, it is possible to have two widely 
divergent types of shock. At one extreme would be uncomplicated hemor¬ 
rhage w^here the reduction in blood volume is solely responsible for the 
ensuing circulatory failure. At the other extreme would be the vaso¬ 
dilatation and \dsceral congestion frequently observed following extensive 
trauma^® with little or no change in the actual blood volume. 

Circulatory collapse attributable solely to either of these extremes is 
rare. The majority" of shocked states involve a multiplicity of factors. 
This is especially true of laboratory experiments on animals where anes¬ 
thesia is a contributing factor. Perhaps the most important outcome of 
the shock w’ork done during the past several years has been the realiza¬ 
tion that no one set of circumstances can serve as an explanation for the 
changes observed under different conditions. There exists, rather, a 
variety of shocked states in w^hich a variety of factors participate. 

Effect of Anesthetic Agents* Experiments designed to investigate 
shock in the laboratory have regularly utilized anesthesia as a means of 
immobilizing the animal for the technical procedure. A tabulation of 
the circulatory data show^ed striking differences not only betw^een animals 
bled under different anesthetic agents but also between anesthetized and 
unanesthetized dogs (table 3). Unanesthetized dogs required consider¬ 
ably larger bleedings to keep them within hypotensive levels than either 
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Table 3 

Predisposing Action of Anesthesia on Response to Hemorrhage in the Dog 


Anesthetic 

agent 


None 
Morphine 
2 mg./Kg. 
Nembutal 
30 mg./Kg. 


Blood loss 
tolerated 
% body wt. 

Critical * 
B.P. level 
mm. Hg 

Irreversibility 
produced by 
mm. Hg X hrs. 

5.5 - 6.5 

30 


4.5 - 5.0 

40 

35 X 1.5 

IHH 

45 

40 X 0.75 


Reactivity of arterioles 
to epinephrine 



* ss that below which capillary circulation is drastically curtailed. 

•• =sa minimal effective concentration of epinephrine producing threshold reaction of arteri¬ 
oles, expressed as 1 part in x million (l:x). 


morphinized or nembutalized dogs (figure 3). Unless kept below 50 mm. 
Hg by repeated small bleedings, dogs vdth no anesthesia showed a spon¬ 
taneous tendency to climb out of shock. This was in marked contrast 
to nembutalized dogs which were in deep shock when maintained at the 
45 mm. Hg level. Unanesthetized dogs could be maintained at blood 
pressure levels of 30-35 mm. Hg for as long as three to four hours. At 
tihe end of this period, these dogs were not only reversible but responded 

IRREVERSIBLE HEMORRHAGIC SHOCK 


■ 14 DOGS, NEMBUTAL 

• 26 DOGS, MORPHINE • 


• I 



r \ • 


MORPHINE 


^NEMBUTAL 

\ 


N. . ■ X 


U • • 


_^ • 


1.0 2.0 3.0 4.0 SO 6 0 

MODERATE HYPOTENSION 
DURATION IN HOURS 

Figure 8. Comparison of degree of hypotension necessary to produce irreversible state in 
dogs under Nembutal (30 mg./Kg.) or morphine sulfate (2 mg./Kg.) anesthesia. The nembu- 
talized dogs were more susceptible to shock and required a less drastic hypotension to precipitate 
irreversibDity. 
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to tl:e infu'.ion ol as little as 5 to 7 cc. of whole blood per kilogram of 
body eight. The fen:oral incision (for blood pressure recording and 
bleedings^ \\as tlien closed, and the dogs were able to walk about im¬ 
mediately on release and usually drank water copiously. 

In comoari'on with unanesthetized dogs, most of the anesthetic agents 
shifted tlie tendency towards decompensatory vascular reactions. The 
development, following uncomplicated hemorrhage, of a state irreversible 
to transfu’-ion appeared to be restricted to anesthetized animals. The 
depressant action of anesthesia served to predispose the animal to the 
development of a vasodepressed state of the peripheral circulation. The 
choice of anesthesia is therefore an important factor in studies on experi- 
n.ental hemorrhage. 
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HEPATO-RENAL FACTORS IX aRCULATORY 
HOIttEOSTASIS: 

III. THE INFLUENCE OF HUMORAL FACTORS OF 
HEPATO-RENAL ORIGIN ON THE VASCULAR 
REACTIONS TO HEiMORRHAGE^ 

By Ephraim Shorr^ B. W. Zweifagh, and Robert F. Furghgott 

Department of Medicine, Cornell University Medical College, and 
The New York Hospital, New York, N. Y, 

A clarification of the vascular changes which occur in experimentally 
produced shock prorided the stimulus for the present inquiry^ into 
metabolic disturbances which could be related to the vascular dy'^func- 
tions observed. Direct visualization of the peripheral blood vessels in tlie 
omentum and mesentery has demonstrated that the shock syndrome con¬ 
sists of two consecutive stages^ an initial compensatory pha«c. apparently 
related to a reduction in blood volume, and a subsequent dccompensatory 
stage, related to the period of inadequate peripheral blood fio\v.^ 

The reaction of the peripheral vascular apparatus to blood loss per se 
was found to be essentially compensatory in nature; tliat is, an attempt 
to reduce the capacity of the vascular tree without drastically curtailing 
the blood supply to vital tissues. The compensatory response is char¬ 
acterized by a hyperreactive condition of the peripheral blood vessels, as 
evidenced by an increasingly enhanced reactivity of tlie xerminal muscular 
vessels to epinephrine and a five to ten-fold increase in the spontaneous 
vasomotor movements of the smallest arterioles and the precapillaries.^ 
This type of heightened reactivity persists even when tlie blood loss is 
sufficient to precipitate the collapse of the animal. The resulting capillary 
ischemia and the restriction of peripheral blood flo^v to tlie most direct, 
thoroughfare channels serve to maintain an active venous return of 
blood from the tissues xmtil shortly before death. 

On the other hand, with tlie development of an irreversible type of 
shock following prolonged drastic hypotension, a set of new vascular 
changes progressively appear and finally disrupt the peripheral circula¬ 
tion. These are decompensatory in nature and are initially made evident 
by a progressive falling-off of epinephrine reactivity and a slo^ving and, 
finally, complete cessation of spontaneous vasomotor caliber changes in 
the terminal arterioles. The loss of these restraining compensatory 
influences on the peripheral circulation, results in the diversion of increas¬ 
ing amounts of blood into the capillary side channels from which it fails 

* The work described in this paper was besun under a contract I’ecommended by the Committee 
on Medical Research, between the OflRce of Scientific Research and Development and Cornell 
University Medical College, and continued under grants from The Josiah Macy. Jr. Foundation 
and the Eli Lilly Company. We wibh to express our thanks to Doctor Silvio Baez of The 
Asuncion Medical College, Ascuncion, Paraguay, for the many ways in which he has assisted 
in these studies. 
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to return to the active circulation. Decompensatory changes of a vaso¬ 
depressor nature were consistently obtained in animals which were sub¬ 
jected to prolonged hemorrhagic hypotension or to traumatic procedures."* 

The relation of the vascular changes to blood-bomc principles was 
clearly established by injecting blood samples taken at intervals during 
the shock syndrome into normal rats and observing the reaction of the 
terminal blood vessels in the mesentery.® In the initial, hyperreactive 
stage of shock, the blood contained a vasoexcitor material {VEM) which 
was detected by its epinephrine potentiating effect, the terminal arterioles 
showing up to twenty-fold increase in reactivity. With the prolongation 
of profound hypotension, VEM gradually disappeared from the blood and 
was replaced by a vasodepressor material (VDM) whose action on the 
terminal vessels was decompensatory, making them increasingly refractory 
to epinephrine. 

The significance of these observations lies in their demonstiation of the 
constant participation, in the shock syndrome, of humoral vasotropic 
principles with specific actions on the terminal vascular bed of such a 
character as to suggest that they are causally related, both to the initial 
compensatory vascular reactions to blood loss, in the case of VEM, and, 
in the case of VDM, to the progressive vascular deterioration which 
eventually results from the prolongation of drastic hypotension. 

The mechanisms responsible for the occurrence of these humoral prin¬ 
ciples remained obscure until experimental conditions were realized which 
revealed their sites of origin in specific tissues in the shocked animal, as 
well as the environmental and cellular factors responsible for their 
formation and destruction.^ These studies involved botli in vivo and 
in vitro procedures, whose correlation was made possible by the rat 
mesoappendix test of Zweifach and Chambers® for assaying VEM and 
VDM. The present report presents an analysis of the conditions and of 
the tissues to which the genesis of these vasotropic factors in hemorrhagic 
shock could be related. 

SITES OF ORIGIN OF VASOEXCITOR AND 
VASODEPRESSOR MATERIAL 

The first group of experiments was designed to trace to their tissue 
origins the VEM and VDM which appear in the blood stream during 
the hyper- and hyporeactive stages of hemorrhagic shock. Their appear¬ 
ance in a definite sequence during the development of the syndrome 
suggested that these factors might be products of the deranged metabolism 
of specific organ systems rather than the manifestation of a general dis¬ 
turbance in tissue metabolism. 

Methods. Shock was induced in dogs by graded hemorrhage accord¬ 
ing to the method suggested by Wiggers® for producing a state irreversible 
to blood replacement therapy. The initial bleedings were such as to 
reduce blood pressure to levels of 70-90 mm. Hg and to maintain these 
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levels for 90-120 minutes. Thereafter, the animals were maintained, 
by further bleeding, in extreme hypotension at blood pressures below 
60 mm. for periods of from 90 to 250 minutes. Except where otherwise 
noted, the animals were under sodium pentobarbital anesthesia, the 
usual dose being 30 mg. per kilogram. Blood samples taken at intervals 
during the course of the shock syndrome provided the basis for differ¬ 
entiating the hyperreactive or compensatory phase from the hyporeactive, 
decompensatory or irreversible stage. The temporal association of 
humoral VEM with vascular hyperreactivity and of VDM with hypo- 
reactivity had been previously established by Zweifach, Chambers, and 
their associates.^ At appropriate times in the shock syndrome, the 
animals were sacrificed and a variety of tissues removed for study. Thin 
slices were made of heart, spleen, liver, and kidney as for micro-respira¬ 
tion studies. Sheets of smooth muscle were prepared from the small 
intestine and individual skeletal muscle fibers dissected from the thigh 
muscles in situ. The tissues were immediately placed in five times their 
weight of chilled physiological saline, which was constantly agitated for 
5 to 7 minutes by a stream of oxygen to facilitate the extraction of 
diffusible material. Supernatants were centrifuged clear of debris and 
0.5 cc. injected for bioassay into the tail vein of 100-125 gm. rats. The 
presence of VEM was manifested by an inciease, and that of VDM by a 
decrease, in the reactivity of the terminal vascular bed of the meso- 
appendix to the topical application of epinephrine. Both factors were 
graded in terms of the intensity and duration of these alterations in 
vascular behavior. 

Experimental Results: 

Vasotropic Content of Tissues During the Ilypoieactive Phase. 
In this group of experiments, tissues were removed for bioassay during 
the hyperreactive stage of hemorrhagic shock, usually 90 to 120 minutes 
after the initial bleeding, by which time significant amounts of VEM had 
appeared in the blood stream. The only tissue to which its genesis could 
be related was the kidney, saline extracts of which invariably contained 
considerable amounts of VEM, whose vascular effects in the test rat 
were identical witli those induced by humoral VEM. The conccntia- 
tion of VEM in the renal parenchyma appeared to be at least as great as, 
and probably greater than, that in blood, to judge from the relative 
activities of imdilutcd serum and of the renal extracts which represented 
a five-fold dilution of the tissue content. Saline extracts of liver, spleen, 
cardiac and smooth muscle were either neutral, or, in the case of liver and 
spleen, occasionally contained small amounts of VEM, attributable to the 
blood retained in these organs (figure 1). Skeletal muscle washes were 
also neutral or contained a small amount of bloodbome VEM. 

Vasotropic Content of Ti^sue^ During the Hyporeactive Phase. 
In this group of dogs, after an initial hyperreactive phase lasting 90-120 
minutes, the blood pressure was further reduced by additional bleedings, 
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and maintained at around 40 mm. for periods of 90-250 minutes. 
VEM gradually disappeared from the blood stream and was replaced by 
increasing amounts of VDM. When the hyporeactive stage was well 
established^ as indicated by the concentralion of humoral VDM, tissues 
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were removed and extracted for bioassay (figurk 2). Saline extracts of 
spleen, cardiac and smooth muscle were unifonnly nimtral. Those from 
liver invariably contained considerable amounts of VDM whose vascular 
effects on the rat mesoappendix were indistinguishable from those induced 
by humoral VDM. The concentration of VDM in the liver was always 
greater than that in scrum obtained simultaneously and similarly diluted. 
Skeletal muscle washes contained small to moderate amounts of VDM, 
the concentrations varying directly with the duration of the hypotension. 

As in the hyperreactive stage, kidney extracts contained VEM, but 
in smaller amounts. In experiments in which the period of drastic hypo¬ 
tension was prolonged by transfusions, little or no VEM was present in 
the kidney washes. When slices from such kidneys were then incubated 
anaerobically, they proved to be incapable of elaborating VEM, in con¬ 
trast with normal kidneys. The significance of this progressive reduction 
in VEM content of the kidney with the prolongation of drastic hypo- 
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tension and of the eventual loss of the capacity to form VEM on 
anaerobic incubation, will be discussed later. 

These experiments provided presumptive evidence for the renal origin 
of the humoral VEM present in the hyperreactive stage of hemorrhagic 
shock, and for the genesis in liver, and to a lesser degree in skeletal 
muscle, of the humoral VDM characteristic of the hyporeactive or 
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Figurb 2. Protocol chart of doe in hyporeactive, irreversible stage of hemorrhagic shock. In 
upper right han<l corner are results of lat mesoappendix test assay of blood and of saline 
washes of different ti«5^ues removed at fsitus. Only liver and skolctal muscle contained VDM, 
a considerably higher concentration being piescnt in the liver. In comparing blood and liver 
VDM levels, it should be noted that the liver wash repxcfaents a 1:5 dilution of the VDM 
originally present in the liver. 



decompensatory phase. However, it seemed desirable to devise experi¬ 
mental procedures which might provide additional and, if possible, more 
specific support for these inferences. 

Influence of Duration of the Hyperreactive Phase on Vasotropic 
Content of Tmues. In the previous studies of the hyperreactive 
phase, the tissues were removed for bioassay approximately 90-120 
minutes after the initial bleeding. The absence of VDM in the liver 
wash at these times might conceivably have been due to the brief dura¬ 
tion of the hyperreactive phase. To resolve this uncertainty, shock was 
induced in unanesthctized dogs by graded hemorrhage, so as to achieve 
the same degree and duration of drastic hypotension which leads to 
hyporeactive shock in anesthetized animals. Under these circumstances, 
unanesthetized animals remain in the hyperreactive stage until exitus^ 
and are recoverable by transfusion. Significant amounts of VEM persist 
in the blood stream throughout. The tissues were removed at exitus^ 
approximately 4 hours after the initial bleeding. The results of their 
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bioassay were similar to those in anesthetized dogs in which the hyper¬ 
reactive stage was of shorter duration. Despite the prolongation of the 
period of drastic hypotension, the liver was devoid of VDM. The kidneys 
contained large amounts of VEM. Minimal amounts of VDM were 
present in skeletal muscle. Thus, as far as liver VDM is concerned, its 
formation appears to be restricted to the hyporeactive phase. 

Time of VDM Formation in Liver During Hemorrhagic Shocks 
as Revealed by Serial Liver Biopsies. Even more direct evidence of 
the temporal relationship between the formation of VDM by liver and 
the hyporeactive stage of hemorrhagic shock, was derived from experi¬ 
ments in which serial liver biopsies were obtained for bioassay for vaso- 
tropic factors during the hyper- and hyporeactive stages of hemorrhagic 
shock in anesthetized animals ( table 1 ). Bioassays were also carried out 

Table 1 

Relation of the Stage of Hemorrhagic Shock to Hepatic VDM Formation 
AND Inactivation Capacity as Revealed by Serial Liver Biopsies * 


Sample 

No. 

Phase of 
shock 

Duration of 
Hypotension 

VDM 

Inactivation 
of VDM by 
liver in Oaf 

Blood 

« « 

Liver 

biopsy 

1 

Control 

0 

0 

+ 

15/0= 100% 

2 

Hyperreactive 

<75 mm. for 25 minutes 

VEM 16' 

0 

15/3 = 80% 

3 

Transitional 

<60 “ “ 100 “ 

0 

++ 

15/4= 73% 

4 

Hyporeactive 

<60 “ “ 185 

++ 

+++ 

15/9 = <40% 


* Sodium pentobarbital anesthesia, 80 ms:./lcg. 

** The blood samples were taken simultaneously with the liver biopsies. 

t The percent inactivation is expressed as a fraction, with the original VDM activity of the 
sample as the numerator and the residual activity after 2 hours incubation as the denominator. 

on blood samples obtained simultaneously with liver biopsies. During 
the hyperreactive phase, when the blood contained VEM, the saline 
extract of the liver was neutral. The second biopsy obtained at the 
termination of the hyperreactive phase as indicated by the neutral reaction 
of blood, revealed the onset of VDM formation in the liver. At cxitu^, 
after the animal had been in drastic hypotension for approximately 
hours, both liver extracts and blood contained large amounts of VDM. 
These results demonstrated that VDM formation by the liver does not 
take place until the hyperreactive phase is terminated, and that VDM 
occurs in the liver prior to its appearance in the blood stream. 

The temporal association of liver VDM with ihe hyporeactive stage of 
shock having been established, experiments were then carried out to 
ascertain the dependence of the hyperreactive phase on renal VEM 
formation and its release into the circulation. These entailed the intro¬ 
duction of one modification in the experimental procedure; the exclusion 
of the kidneys from the circulation during the shock syndrome. 
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The Hemorrhagic Shock Syndrome in Arenal Animals, When 
both kidneys were tied off just prior to the induction of hemorrhagic 
shock, the sequence of events was strikingly different from that which 
obtains in anesthetized dogs with intact renal circulation. The hyper¬ 
reactive stage was abolished, as evidenced by the absence of humoral 
VEM, and the hyporeactive stage set in with unusual rapidity. The con¬ 
centration of humoral VDM rose to unusually high levels at exituSj and 
very considerable amounts of VDM were present in the liver wash. 

Since hemorrhagic shock in unanesthetized animals is characterized 
by the persistence of hyperreactivity until exitus^ the induction of hemor¬ 
rhagic shock in such animals should provide a crucial test of the con¬ 
cept that renal VEM is essential for tihe development and maintenance 
of the compensatory hyperreactive vascular response to hemorrhage. 
For this purpose, one kidney was removed and the other exteriorized in 
the flank. After a suitable recovery period, the exteriorized renal pedicle 
was ligated under procaine anesthesia just prior to bleeding. In contrast 
to the findings in unanesthetized animals with intact kidneys, no VEM 
appeared in the blood stream and, within a relatively short lime of the 
initial bleeding, humoral VDM appeared in increasing concentrations, 
indicating the rapid development of the hyporeactive stage. Unusually 
large amounts of VDM were present in saline extracts of liver removed 
after hours of drastic hypotension. Irreversibility was demonstrated 
by the failure to respond to the complete replacement of the blood lost. 
No satisfactory explanation has hitherto been provided for the persistence 
of hyperreactivity and reversibility in unanesthetized animals, in the face 
of prolonged hypotension drastic enough to regularly induce hypo- 
reactivity and irreversibility in anesthetized animals. These experiments 
indicate that, in the absence of anesthesia, there persists a renal blood flow 
of sufficient magnitude to deliver renal VEM continuously into the 
general circulation at hypotensive levels which abolish the renal circula¬ 
tion in the anesthetized animal. 

Recapitulation. In hemorrhagic shock, the hyperreactive phase 
which is associated with the presence of VEM in the blood stream is 
dependent on the continued formation of VEM in the kidney and on its 
delivery to the circulation. The drastic curtailment of the renal circula¬ 
tion which results from the induction of profound hypotension, blocks 
the release of VEM into the circulation and leads to the abolition of the 
hyperreactive stage. The exclusion of the kidney from the circulation 
by ligation prevents the appearance of a hyperreactive stage and leads 
to the rapid onset of hyporeactivity even in unanesthetized animals. The 
development of the hyporeactive stage is dependent upon the formation 
of VDM in the liver. This does not take place while the vascular 
behavior is dominated by humoral VEM, but as VEM disappears from 
the blood stream, VDM formation is initiated in the liver, from which 
it is delivered into the blood stream in increasing amounts as the period 
of drastic hypotension is prolonged. One additional source of VDM 
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appears to be skeletal muscle, but the amounts available from this source 
in hemorrhagic shock arc much smaller than those from the liver. 

There remained to be determined the mechanisms which lead to the 
formation of these vasotropic factors during hemorrhagic shock, the most 
probable being the reduced oxygen tensions resulting from the reduction 
in blood flow to the tissues in question. Since these mechanisms can be 
more directly investigated by in vitro procedures, such studies were 
carried out with a variety of tissues previously studied. 

MODE OF ORIGIN OF VASOEXQTOR AND VASODEPRESSOR 

MATERIAL 

The following tissues: liver, kidney, spleen, brain cortex, cardiac, 
smooth and skeletal muscle, were obtained from normal dogs and rabbits 
and prepared for in vitro studies in the manner previously described, 
except for the brain cortex, which was minced. The tissues were then 
incubated at 37.5 ®C in normal scrum, or, more generally, in Krebs 
bicarbonate medium under an atmosphere of 95% N2-5% CO 2 at pH 7.4. 
Control observations were carried out in an atmosphere of 95^0 
02-5% GO 2 . After varying periods of incubation, the medium was 
freed of debris by centrifugation and 0.5 cc. was injected into the tail 
vein of the rat for bioassay by the mesoappendix test. 

Experimental Results. In vitro results were in complete agreement 
with tissue extracts from shocked animals as regards the site of, origin 
of VEM and VDM. Tissue anoxia was found to be the condition neces¬ 
sary for their formation, neither factor occurring in any tissue during 
aerobic incubation. The supernatants from spleen, brain cortex, cardiac 
and smooth muscle were entirely devoid of vasotropic activity (table 2). 


Table 2 

In vitro Production or VDM and VEM on Anaerobic Incubation at 37.5® C. 



VDM 
(2 hours) 

VEM 
(1 hour) 

Liver 

++++ 

0 

Skeletal muscle 

+ 

0 

Kidney 

0 

++++ 

Smooth muscle 

0 

0 

Cardiac muscle 

0 

0 

Spleen 

0 

0 

Brain cortex 

0 

0 

Blood serum or plasma 

0 

0 


In vitro Formation of VEM, VEM formation was restricted to the 
anaerobic kidney and confined to the cortical portion. Its rate of forma¬ 
tion was rapid, a considerable concentration b^g reached in 15 minutes, 
and peak concentrations at 45 to 60 minutes. With a further prolonga- 
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tion of the period of anaerobic incubation, VEM was found to disappear 
from the medium,i none being detected at the end of 2-3 hoiurs of 
anaerobiosis (figure 3). Apparently the prolongation of anaerobiosis 


ANEROBIC 

FORMATION AND DESTRUCTION OF VEM BY NORMAL 
KIDNEY SLICES INCUBATED IN VITRO AT 37A*C 



Figure 3. Tissue slices were prepared immediately after removal of the kidney from normal 
anesthetiriCd animals. They were then wrished free of preformed VEM prior to incubation in a 
series of flasks in Krebs-bicarbonate medium, pH 7.4, in an atmosphere of 95 per cent nitrogen 
—5 per cent carbon dioxide. Each point on the ffraph represents lie VEM content of the 
medium from an individual flask whose anaerobic incubation was terminated at tie time noted. 
The rapid initial formation, and eventual disappearance of VEM on prolongation of anaero- 
biosis, are comparable to the successive changes in renal VEM content during the renal anoxia 
of a prolonged hyporeactive stage of hemorrhagic shock; with this difference, that the disap¬ 
pearance of renal VEM takes place more slowly in vivo, because of the less complete renal 
anoxia. 


initiates other processes^ presumably of a proteolytic nature, which 
eventually effect the destruction of VEM which has been formed during 
the initial period of anaerobiosis. In view of the possibility that the 
eventual disappearance of VEM on prolonged incubation might, however, 
have been due to the depiction of substrate necessary for its formation, 
an additional period of anaerobiosis was carried out in the presence of 
fresh normal plasma, without any further appearance of VEM. 

The VEM which resulted from anaerobic incubation of normal kidney 
tissue was identical in its action on the vascular bed of the rat meso- 
appendix with that of humoral VEM obtained during the hyperreactive 
stage of hemorrhagic shock and of saline extracts of kidneys of shocked 
animals.* 

In vitro Formation of VDM. Liver and skeletal muscle invariably 
produced VDM similar, in action on the vascular bed, to VDM appear¬ 
ing in blood during the hyporeactive phase of shock and in extracts of 
liver and skeletal muscle removed from shocked animals. The amounts 
formed during anaerobiosis were of the same order of magnitude as those 
present in washes of shock tissues. The rate of formation was much 
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greater in liver than in skeletal muscle. With liver, no VDM was 
detectable for about 20-30 minutes. Thereafter, the amounts increased 
quite rapidly and progressively throughout a 3-hour exposure. Larger 
amounts appealed aftei incubation with scrum than in Kicbs bicarbonate. 
Apparently, complete anacrobiosis was not essential, since VDM was also 
formed by liver ifi vitro at oxygen tensions of 5-10 per cent, conditions 
more comparable to those prevailing in the liver during the hyporeactive 
stage of shock. Only trivial amounts were formed by liver brei, indicat¬ 
ing the necessity of cellular integrity for its maximal production. 

VDM formation during anaerobic incubation of skeletal muscle pro¬ 
ceeded at a much slower rate than with liver. In view of the well 
established fact that the severity of the shock syndrome is increased by 
environmental conditions which raise the temperature of the limbs, it was 
of interest to investigate the influence of temperature on the rate of VDM 
formation by skeletal muscle. When the temperature during incubation 
was varied from 21® to 41® G., there was a progressive and significant 
increase in VDM formation with the progressive elevation of the tem¬ 
perature. This phenomenon is of particular significance for traumatic 
shock, in which the VDM produced by the muscles of the toumiqueted 
limbs has been shown to be an important contributing factor to the 
development of the hyporeactivity,^ and may be responsible for the more 
profound reaction to equivalent reductions in blood volume manifested 
by animals in traumatic as compared with hemorrhagic shock. 

The possibility that VDM and VEM were products of bacterial 
metabolism was investigated and excluded. 

MODE OF DESTRUCTION OF VASOEXCITOR AND 
VASODEPRESSOR MATERIAL 

The disappearance of renal VEM on prolonged anaerobic incubation 
suggested that the kidney possessed mechanisms not only for its forma¬ 
tion but also for its inactivation. The possibility that the organism like¬ 
wise possessed a mechanism for the destruction of VDM was suggested 
by the observation that VDM injected into the normal test rat disappears 
from the circulation usually within 10-30 minutes, depending upon its 
initial concentration; whereas, once significant amounts of VDM have 
appeared in shock, this principle persists in the circulation until death 
and is subject to only temporary dilution by transfusions. The in vitro 
approach proved most suitable for ascertaining whether such an inactivat¬ 
ing mechanism existed for VDM, and whether it was a general tissue 
phenomenon or limited to specific organs. 

Experimental Results. Tissues from normal animals were incubated 
aerobically at 37.5® G. with VDM obtained from various sources, includ¬ 
ing humoral, hepatic, and skeletal VDM from animals in hyporeactive 
shock and VDM resulting from anaerobic incubation of liver and skeletal 
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muscle in vitro, A similar survey was made with VEM derived from the 
blood and kidney of shocked animals and from the anaerobic incubation 
of normal kidney tissue. 

Inactivation of VDM, Spleen, kidney, cardiac, smooth and skeletal 
muscle proved incapable of destroying VDM (table 3). 


Table 3 

In vitro Inactivation of VDM and VEM on Aerobic Incubation 
FOR Two Hours at 37 5° G 



VDM 

VEM 

Liver 

++++ 

-H- 

Skeletal muscle 

0 

0 

Kidney 

0 


Cardiac muscle 

0 

0 

Smooth muscle 

0 

0 

Spleen 

0 

0 

Blood serum or plasma 

0 

0 


On the other hand, normal liver slices invariably destroyed VDM from 
whatever source obtained, in the course of a 2 to 3-hour aerobic incuba¬ 
tion. Thus, although VDM formation took place in both liver and 
skeletal muscle, its destruction was found to be restiicted to the liver. 
In contrast with healthy liver slices maintained under aerobic conditions, 
normal liver slices previously exposed to anacrobiosis for 2 hours were 
found to have lost all or most of their capacity to destroy VDM when 
subsequently restored to an aerobic environment. Thus, the anacrobiosis 
which led to the formation of VDM by liver had the additional undesir¬ 
able consequence of causing a concomitant deterioration of its VDM- 
inactivating mechanism. 

These in vitro observations led to an investigation of the state of the 
VDM-inactivating mechanism of liver during both hyper- and hypo¬ 
reactive phases of hemorrhagic shock. Livers removed during the hyper¬ 
reactive, reversible stage were found to retain a normal inactivating 
capacity. Those removed duiing the hyporeactive, ii reversible stage had 
sustained a marked impairment of their inactivating mechanism. The 
development of this hepatic defect during the hyporeactive stage would 
account for the persistence of VDM in the circulation in spite of trans¬ 
fusions which should, at least temporarily, have rcstoied oxidative condi¬ 
tions in the liver. 

Other experimental procedures have also served to relate the liver to 
the in vivo inactivation of VDM Blood VDM levels were followed after 
the intravenous administration of a highly purified beef liver VDM to 
total or partially eviscerated rabbits.*^ In some of the animals, all the 
abdominal viscera had been lemoved; in others, the liver or kidneys, or 
both, were intact. In the absence of both liver and kidney, the injected 
VDM persisted in the blood stream; in the presence of the liver alone, the 
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VDM which was initially present in concentrations comparable to those 
in shock, disappeared from the circulation within an hour after adminis¬ 
tration. These results were to be expected from the in vitro demonstra¬ 
tion that VDM-inactivation was a function of the liver. It was, however, 
quite unanticipated that VDM should also disappear with equal rapidity 
from the hepatectomized rabbit with intact kidneys. In view of the 
invariable failure of kidney slices to inactivate VDM in vitro^ other 
mechanisms were investigated which might account for the disappear¬ 
ance of VDM under these circumstances. One was found to be the 
renal excretion of VDM, considerable amounts appearing in the urine. 
Thus, the virtual cessation of renal blood flow during drastic hypotension 
is deleterious for the shocked animal, not only because of the resultant 
exclusion of renal VEM from the circulation, but also because of the loss, 
through anuria, of an important mechanism for removing VDM from 
the blood stream. By the use of the partially eviscerated rabbit, it was 
possible to observe the unfavorable effects of anoxia on the hepatic 
VDM-inactivation system in vivo. The abdominal viscera were removed 
with the exception of the liver, whose sole blood supply came from the 
hepatic artery. When this artery was ligated for 90 minutes and then 
released, VDM of hepatic origin appeared in the blood stream in increas¬ 
ing concentrations and persisted until exitus. Apparently, the VDM- 
inactivating system had been so damaged by the preceding period of 
anoxia that it was unable to clear the blood stream of VDM upon 
restoration of tibe arterial blood supply to the liver. 

An attempt was made to relate the overall respiratory metabolism of 
the liver to the capacity to destroy VDM. Normal liver slices which 
had lost this capacity as a result of previous anaerobic incubation were 
found to have sustained a profound reduction in oxygen con’-umption, 
which usually fell to 25-35 per cent of the control values Conversely, 
livers removed during the hyperreactive phase of shock and which had 
retained this function, consumed oxygen at a normal rate. This apparent 
correlation between overall oxidative capacity and inactivation of VDM 
was, however, not borne out by similar studies with liver removed duiing 
the hyporeactive stage. Here, the total loss of inactivating capacity w«js 
frequently associated with a reduction in oxygen consumption of as little 
as 15 to 20 per cent below the average control value® The inactivation 
of VDM would, therefore, appear to be a function of some specific, and 
probably enzymatic, system in the liver which is extremely sensitive to 
anoxia. 

This assumption is supported by the successful preparation of a cell- 
free extract from normal liver which has proved to be capable of destroy¬ 
ing VDM on aerobic incubation in vitro. It effects this destruction under 
oxidative conditions much more rapidly than an equivalent amount of 
viable liver tissue and, like normal liver slices, is ineffective under 
anaerobic conditions. It has been found to consist of a heat-labile 
apoenzyme which is non-dialyzable, and a heat-stable dialyzable co- 
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enzyme. These two factors may be separated by dialysis and on recon¬ 
stitution regain their inactivating capacity. The addition of the co¬ 
enzyme alone to normal livers which have lost their inactivating capacity 
through previous anaerobic incubation, serves to restore this capacity. 
However, the damage to the inactivating mechanism in livers from 
shocked animals requires for its correction the addition of both the apo- 
and the co-enzyme. 

Inactivation of VEM. Slices of both normal kidney cortex and liver 
were found capable of inactivating VEM, from whatever source obtained, 
on aerobic incubation in vitro, the inactivation by renal tissue taking 
place with much greater rapidity. It has already been pointed out that 
VEM also disappears during prolonged anaerobic incubation of normal 
kidney tissue, as well as during the virtual anoxia which prevails in the 
kidney in vivo during prolonged periods of drastic hemorrhagic hypoten¬ 
sion. It still remains uncertain whether the inactivation of VEM under 
oxidative conditions and during anaerobiosis are both mediated through 
the same mechanism. We are inclined to think that the aerobic inactiva¬ 
tion of VEM represents a normal function of the healthy kidney, whereas 
its anaerobic destruction may result from the proteolytic action of by¬ 
products of cellular degeneration which is contingent upon prolonged 
renal anoxia (figure 3). 

As with the VDM-inactivating system in liver, previous exposure to 
anaerobiosis impairs the renal mechanism for the oxidative inactivation 
of VEM. These observations suggest that the integrity of both hepatic 
and renal inactivating systems is dependent on the maintenance of an 
oxidative type of metabolism. 

Recapitulation, By the utilization of in vitro procedures, more specific 
information was acquired as to the sites and mode of origin of the 
humoral vasotropic substances which appeared in the course of hemor¬ 
rhagic shock. The in vitio results were in complete agreement with the 
data provided by the bioassay of the saline extracts of shocked tissues as 
regards the sites of origin. VEM formation was limited to the kidney 
and VDM to liver and skeletal muscle. The only environmental condi¬ 
tion which was found to be necessary for the formation of both vaso¬ 
tropic factors was tissue anoxia. The rate of formation of VEM by the 
kidneys was rapid, whereas VDM formation took place more slowly in 
liver and skeletal muscle. VDM formation under anaerobic conditions 
increased progressively with time in both liver and skeletal muscle. 
Quite anodier picture was seen with respect to VEM formation by the 
anaerobic kidney: the peak concentrations were reached in 45-60 minutes, 
after which VEM progressively^ fell and was completely absent after 
2-3 hours of anaerobic incubation. Mechanisms for the inactivation of 
VEM and VDM were revealed by in vitro studies, which established the 
existence, in liver, of an enzyme system for the oxidative inactivation of 
VDM, and in kidney of a mechanism for the oxidative inactivation of 
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VEM. Liver also possessed to a lesser extent than kidney the capacity to 
inactivate VEM oxidatively. The oxidative and anaerobic destruction of 
VEM by kidney is believed to be mediated by different mechanisms, the 
former being a physiological function, the latter a by-product of tissue 
degeneration. It was possible to demonstrate an influence of the shock 
syndrome on the liver-inactivating mechanism for VDM. During the 
hyperreactive or reversible phase, the liver retained a normal inactivating 
capacity, while hyporeactivity was invariably accompanied by a significant 
reduction in this function. It was also possible to demonstrate the re¬ 
moval of VDM from the blood stream by the healthy liver in vivo and 
to prove that a period of hepatic anoxia both in vivo and in vitro, if 
sufficiently prolonged, led to the loss of this inactivating capacity. The 
renal mechanism for inactivating VEM is likewise damaged by pro¬ 
longed anoxia. In the case of the liver, a cell-free extract consisting of a 
heat-labile apoenzyme and a heat stable co-enzyme has been prepared 
and found capable of oxidatively inactivating VDM. In addition to 
hepatic inactivation, VDM was found to be removed from the blood 
by excretion into the urine.*^ 


DISCUSSION 

In recent years, there has been a growing awareness of the inadequacy* 
of the fluid-loss concept as an explanation for many of the phenomena 
of clinical and experimental shock. These embrace not only the state 
of irreversibility to fluid replacement therapy seen clinically, and regularly 
induced by certain standard experimental procedures, but also the de¬ 
creased tolerance to fluid loss and hypotension in traumatic as compared 
wilh hemorrhagic shock, as well as ffie fatal outcome of tourniquet shock 
in animals whose limbs have been tightly taped so as to prevent significant 
fluid loss. As a consequence, attention has been directed at the possible 
deleterious effects of metabolic derangements or abnormal tissue products 
resulting from the reduced oxygen tensions prevailing during shock. 
The search for a possible toxic factor, initiated by Cannon, Bayliss, 
et al? during the first World War, has hitherto been unsuccessful in re¬ 
vealing any agent, whether of tissue or bacterial origin, whose regular 
appearance and circulatory effects are such as to relate them specifically 
to the sequence of vascular phenomena characteristic of the conventional 
shock syndrome. Nor has it been possible to link to these circulatory 
changes the variety of disturbances in intermediary metabolism which 
arise in the course of experimental shock.® 

However, the humoral vasotropic factors recently found by Zwcifach, 
Chambers, and their associates® to be regularly associated with the specific 
patterns of vascular behavior which differentiate the hyper- and hypo¬ 
reactive stages of shock, would appear *to provide a satisfactory explana¬ 
tion for the many phenomena for which the fluid-loss concept has proved 
inadequate. The effects of these vasotropic factors on the terminal 
vaseuW bed are such as to suggest a causal relationship between VEM 
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and the initial compensatory vascular reactions on the one hand, and on 
the other hand between VDM and the subsequent decompensatory 
vascular responses to drastic hypotension, which lead to increasing refrac¬ 
toriness to fluid replacement therapy. The experiments which are the 
subject of the present report served to elucidate the sites, and modes of 
origin and destruction of these humoral vasotropic principles. They 
have also provided additional evidence of their causal, as well as temporal, 
relation to the vascular behavior which differentiates the hyper- and 
hyporeactive stages of experimental shock. 

We arc now in a position to synthesize the results of the in vivo and 
in vitro experiments into a dynamic concept relating these vasotropic 
principles to the evolution of the hemorrhagic shock syndrome. In the 
development of this concept, it will be necessary to include data pro¬ 
vided by our studies of vasotropic factors in tourniquet shock^ as well 
as the observations of others on changes in blood flow during* shock, 
particularly in the kidney and liver. 

The Role of Hepato-Renal Vasotropic Principles in Hemor¬ 
rhagic Shock. The Hyperreagttve Stage. Following graded hemor¬ 
rhage, there promptly ensues a series of vascular compensatory reactions 
designed to conserve the reduced blood volume for the maintenance of 
vital structures, such as the heart, lungs, and nervous system, which are 
immediately essential for survival (table 4). This is accomplished in two 
ways: by the curtailment of blood flow to the skin, skeletal musculature, 
and abdominal viscera, particularly the kidney; and by alterations in the 
functional capacity of the entire peripheral vascular bed. This reduc¬ 
tion in blood flow leads to varying degrees of tissue anoxia and to a 
variety of metabolic derangements® whose significance for the shock 
syndrome still remains obscure except for the vasotropic principles 
which are elaborated under these conditions. Since these principles 
originate only in kidney, liver, and skeletal muscle, discussion will be 
confined to the response of these tissues to the reduced blood flow during 
the initial phase of hemorrhagic hypotension. 

Kidney, The drastic curtailment of renal blood flow which follows 
hemorrhage has been well established by many studies, particularly those 
of Van Slyke and his associates,^® which have revealed the quantitative 
relation between the degree of hypotension and the extent to which the 
renal blood flow is reduced. As a result, the oxidative jequirements of 
the kidney are not met, and anaerobic processes are initiated which lead 
to the rapid formation of VEM and its release into the circulation. By 
the time the humoral concentration of VEM is measurable by the rat 
mesoappendix test, characteristic changes are observed in the behavior 
of the terminal vascular bed. These consist of an enhanced reactivity to 
epinephrine and an increased vasomotion of the terminal metarterioles 
and precapillary sphincters. This type of vascular hyperreactivity serves 
to confine the blood flow to direct thoroughfare channels, thus ensuring 
the adequate return of the venous blood to the larger veins. As long 
as the extent of the hemorrhage is such as not to depress the blood 
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pressure below levels of 70 mm. Hg, VEM will persist in the blood stream 
and maintain this type of vascular hyperreactivity. The causal as well 
as the temporal relation between humoral VEM and this compensatory 
type of vascular behavior has been established by the exclusion of the 
kidney from the circulation just prior to the induction of hemorrhage. 
Under these conditions, VEM does not appear in the blood and the stage 
of vascular hyperreactivity fails to develop. 


Table 4 

Vascular-Metabolic Disturbances During the Hyper- and Hyporeactive 
Stages of Irreversible Hemorrhagic Shock in Anesthetized Dogs 



Compensatory or hyper¬ 
reactive 

Dccompensatory or hypo¬ 
reactive 

Blood pressure level 

60 mm. Hg x 120 minutes 

40 mm. Hg x 90 minutes 

Vascular state 

hyperreactive to epine¬ 
phrine 

hyporeactive to epine¬ 
phrine 

Bloodbome principles 
(rat assay) 

VEM—^high with pro¬ 
gressive reduction 

VDM—^progressive in¬ 
crease 

Liver 

Gross ^pearance 

Blood now 

QOa in vitro 

VDM content 

VDM inactivation in Oa 

pale 

reduced but adequate 

normsd range 
none 

unimpaired 

engorged 

inadequate for oxidative 
metabolism 
moderate reduction 
progiessive increase 
progressive impairment 

Kidney 

Blood flow 

QOa in vitro 

VEM content 

VEM formation in vitro 
VEM inactivation in Oa 

ischemic, inadequate for 
oxidative metabolism 
essentially normal 

high 

normal 

normal 

none, virtual anaerobiosis 

moderate to marked re¬ 
duction 

progressive reduction 
progressive failure 
impaired 

Skeletal muscle 

Blood flow 

Vasotropic principles 

moderate ischemia 
mild VEM, bloodbome 

complete ischemia 

VDM—^progressive in¬ 
crease, muscle anoxia x 
time 


Liver, The concomitant reduction in hepatic blood flow during this 
phase of hemorrhagic shock is apparently well tolerated by the liver. 
Its oxygen consumption remains normal, there is no formation of VDM, 
and the mechanism for inactivating VDM is unimpaired. These findings 
indicate that, in contrast to the kidney, the blood flow to the liver, 
although reduced, is still adequate to maintain an oxidative type of 
metabolism. The difference in response of the two organs to the reduced 
blood flow is believed to be attributable to the much higher oxygen 
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requirements of the kidney, and to the fact that the blood supply to the 
liver is ordinarily much in excess of its oxidative need. Thus, Engel, 
Harrison, and Long^^ have shown that the hepatic artery is able to 
provide, alone, for its metabolic requirements. During this stage, the 
liver is believed to be oxidatively inactivating humoral VEM, but at too 
slow a rate to reduce the concentration in the blood stream, which is 
well maintained by continuous renal formation and release into the 
circulation. 

Skeletal muscle. During the same period, the ischemic skeletal muscu¬ 
lature is forming VDM. However, the rate of formation is slow, par¬ 
ticularly at the low temperatures which usually prevail in the extremities. 
Furthermore, it is doubtful whether even these small amounts reach the 
general circulation. If they do, they are either oxidatively destroyed by 
the liver or masked by overwhelming amounts of humoral VEM. In 
traumatic shock induced by the application of tourniquets to the lower 
extremities for 5-10 hours, considerable concentrations of VDM are 
attained in the occluded extremities and released into the blood stream. 
This is evident from the analysis of femoral vein blood. However, during 
the hyperreactive phase, these larger amounts of VDM which enter the 
blood stream are masked by the even higher concentrations of humoral 
VEM. Proof for this statement is furnished by experiments with arena! 
animals in tourniquet shock. Under these conditions, which exclude 
renal VEM from the circulation, significant amounts of VDM of skeletal 
origin have appeared in the blood stream within 12 minutes of the release 
of the tourniquets. 

As long as significant amounts of VEM persist in the circulation and 
the state of vascular hyperreactivity is maintained, the animal remains 
recoverable by transfusion. 

The Transitional Phase. When more drastic hypotension is now 
induced in anesthetized animals by additional bleedings sufficient to lower 
blood pressure levels to below 60 mm. Hg and maintain this reduced 
pressure, a series of tissue and humoral changes are initiated which result 
in the abolition of the hyperreactive phase and the progressive develop¬ 
ment of vascular hyporcactivity. The interval between these two stages 
may be termed the transitional phase. It is characterized by the return 
of normal reactivity to the terminal vascular bed. The blood flow is no 
longer confined to thoroughfare channels but is again allowed to enter 
the capillary bed through the precapillary sphincters, which resume their 
normal periodic contraction and relaxation, in contrast to their largely 
contracted state during the hyperreactive phase. This state of normal 
vascular reactivity is, however, highly disadvantageous for an animal with 
a reduced blood volume, since it leads to a further reduction in both 
blood volume and pressure, by the diversion of blood into the sluggish 
capillary circulation. 

During the transitional phase, the blood gives a neutral reaction by 
the rat mesoappendix test. This docs not necessarily indicate the absence 
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of vasotropic principles. In fact^ on many occasions it has been possible, 
by fractionation procedures, to demonstrate small amounts of botib VEM 
and VDM, whose mutual neutralization has been responsible for the 
absence of detectible vasotropic effects.^ These findings suggest that this 
pi ase is not always a separate episode but may be the result of a waning 
hy Derreactive and a developing hyporeactive stage. 

This transition is attributable to the further reduction in hepatic and 
renal blood flow that is consequent to the induction of more drastic hypo¬ 
tension. At these lower blood pressure levels, there is a virtual cessation 
of the renal blood flow, and, as a consequence, renal VEM is locked 
within the kidney and can no longer enter the blood stream. At the 
same time, there is a progressive reduction in the concentration of the 
residual humoral VEM, to which the liver contributes by its oxidative 
destruction of this vasotropic principle. The blood flow to the liver has 
now decreased to such an extent as to be no longer adequate for oxida¬ 
tive metabolism; anaerobic processes are initiated, and VDM formation 
begins. Liver biopsies taken at this time, when the blood has become 
neutral, contain appreciable amounts of VDM, further evidence of the 
in vivo origin of this principle in this organ. Some deterioration of the 
VDM inactivation system is apparent even at this stage. Skeletal muscle 
contains small but increasing amounts of VDM as a result of the pro¬ 
longation of the ischemia. 

In contrast to the anesthetized animal, the unanesthetized animal in 
whom the same degree of profound hypotension has been induced by 
graded hemorrhage, persists in the hyperreactive stage until circulatory 
failure sets in, and remains recoverable by transfusion. Obviously, since 
there is no other source of humoral VEM than the kidney, a sufficient 
blood flow must persist to that organ by which renal VEM is constantly 
delivered to the general circulation, despite blood pressure levels which 
abolish renal blood flow in the anesthetized animal. The validity of this 
inference is supported by the manner in which occlusion of the kidneys 
alters the shock syndrome in the unanesthetized animal. The hyper¬ 
reactive stage is abolished and there occurs an early transition to hyj3o- 
reactivity, and eventual irreversibility, in similar fashion to the behavior 
of the anesthetized animal in drastic hypotension. 

The Hyporeactive Phase. With the prolongation of drastic hypo¬ 
tension, the transitional phase is soon superseded by vascular hypo- 
reactivity. This is marked by the appearance of increasing amounts of 
VDM in the blood stream and by the onset of dccompcnsatory changes 
in the terminal vascular bed (table 4). These consist in a marked 
reduction both in the reactivity of the terminal metarteriolcs and in their 
spontaneous vasomotion. As a result, peripheral vasoconstriction is fur¬ 
ther reduced and blood is diverted in increasing amounts into the capil¬ 
laries and venules, where it remains stagnant. A morbid circulatory 
cycle is set up by which the reduced blood volume is increasingly lost into 
the ever-expanding capillary bed. 
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Liver. In the liver, increasing amounts of VDM appear as a con¬ 
sequence of the progressive hepatic anoxia, which is now sufficient to 
enforce a virtually anaerobic type of metabolism. Hepatic concentra¬ 
tions of VDM continue to exceed those in the blood and, by virtue of 
their local action on the hepatic vascular sphincters, lead to the intra- 
hepatic pooling of blood and thereby to a further reduction in effective 
blood volume. Parallel with this, there ensues a progressive deterioration 
and eventual failure of the VDM-inactivating mechanism of the liver, 
as a result of the anaerobic destruction of its enzymatic components 
(table 1). This deterioration is much more marked than the con¬ 
comitant reduction in oxygen consumption of the liver, which generally 
amounts to 15-25 per cent and suggests that the inactivating system is 
more sensitive to anoxia than the general oxidative mechanisms. 

Skeletal muscle. During this stage, there is a further accumulation 
of VDM in the ischemic skeletal musculature. 

The paramount reason for the failure of transfusions during this stage 
is to be found in their inability to liberate the terminal vascular bed from 
the decompensatory effects of VDM. The crucial defect which underlies 
this failure^ and which transfusions cannot reverse^ resides in the 
deterioration of the VDM-inactivation system of the liver. The mere 
restoration of oxidative conditions by fluid replacement may temporarily 
interrupt VDM formation. However, in vitro studies have shown that 
the return of the liver from animals in hyporeactive shock to an aerobic 
environment for periods up to 3 hours is without benefit to the dete¬ 
riorated inactivating mechanism, unless there has been supplied, in 
addition to oxygen, a liver extract containing the specific apo- and co- 
enzyme for the inactivation of VDM. It is also apparent, from in vitro 
studies, that when the damage to the inactivating system is extreme, 
VDM may continue to form even under aerobic conditions. 

Further evidence of the importance of the liver for the development 
of irreversibility is provided by viviperfusion experiments of Frank, 
Seligman, and Fine.^^ Dogs subjected to prolonged hemorrhagic hypo¬ 
tension were perfused from the carotid artery of a donor, through the 
jugular or splenic vein, for a period of 2 to 3 hours. It was possible to 
prevent the development of irreversibility by viviperfusion of the liver, 
whereas controls perfused through the jugular vein died soon after trans¬ 
fusion. 

Additional factors contributing to irreversibility arise from the damage 
sustained by the kidney during prolonged anoxia. This damage has two 
undesirable sequels. The loss of the capacity to form VEM on the restora¬ 
tion of renal blood flow during transfusion deprives the organism of the 
benefit inherent in the neutralizing effect of this vasotropic factor on 
VDM. The second consequence of the renal damage is in the suppression 
of its excretory function. The normally functioning kidney can clear 
the blood of large amounts of VDM with great rapidity by excreting it 
into the urine.'^ The anuria of the late stage of shock has, for that reason, 
more significance for survival than has hitherto been attributed to it. 
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Relation of VEM to the Crush Syndrome. In this connection, 
one is tempted to speculate on the possible relation to the crush syndrome 
of the deleterious effects of prolonged anoxia on the renal mechanism 
for forming VEM. Van Slyke and his associates have shown that 3 to 4 
hours of complete anoxia lead to renal failure and to histological changes 
comparable to those seen in the kidney in the crush syndromc.^^^ In 
vitro studies have established the direct formation of VEM by renal 
cortical cells, very likely those of the distal convoluted tubules (Un¬ 
published observations). It is a reasonable inference that the local con¬ 
centration of VEM in the kidney at the site of origin is high and that 
this vasotropic factor acts on the renal vascular bed just as it does on the 
peripheral circulatory apparatus. Adequate intraglomcrular pressure is 
essential for normal renal excretory function. It is achieved by con¬ 
striction of the efferent glomerular arterioles. The observations of 
Richards^® indicate a greater response of the efferent than of the afferent 
glomerular arterioles to epinephrine. The enhancement of epinephrine 
reactivity by renal VEM should therefore assist in the maintenance of 
intraglomcrular filtration pressures adequate for normal renal excretory 
function. The damage to the renal capacity to form VEM which follows 
the prolonged anoxia of the hyporeactive stage of shock, or the renal 
occlusion procedure of Van Slyke, would exclude this powerful vaso¬ 
tropic principle from participating in the maintenance of adequate intra- 
glomerular pressures. This should lead to inadequate glomerular filtra¬ 
tion and constitute an important factor contributing to the renal in- 
suflBiciency observed imder these conditions. It is of interest that the 
major histological defects in this type of kidney arc found in the distal 
convoluted tubule which our preliminary studies indicate may be a major 
site of VEM formation. 

A recent study of Bywaters^^ points to the involvement of the liver 
as well in the crush syndrome. A high proportion of livers from cases 
of crushing injuries or skeletal trauma showed necrosis of the central or 
mid-zonal cells of the liver lobules which appeared to date from the time 
of injury. The degree of necrosis was proportional to the duration of 
hypotension and weis attributed to hepatic anoxia. 

Vasotropic Factors in Tourniquet versus Hemorrhagic Shock. 

No adequate explanation has hitherto been furnished for the poorer 
tolerance to equivalent degrees of fluid loss and hypotension exhibited 
by animals in traumatic as compared with hemorrhagic shock. Our 
observations would attribute this difference to the greater participation 
of VDM of skeletal muscle origin in traumatic shock. High concen¬ 
trations of VDM are attained in the oecluded limbs and can be shown 
to enter the circulation and adversely influence the development of the 
shock syndrome. The most striking demonstration of the relation of 
skeletal VDM to traumatic shock is provided by the development of 
irreversible shock in animals whose limbs have been tightly taped or 
encased in plaster to prevent any significant local fluid loss after release 
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of the tourniquets. The escape into the circulation of VDM formed 
by the muscles of the toumiqueted extremities has been shown to be 
directly responsible for the initiation of the sequence of events which 
eventually leads to the circulatory collapse of the animal. From these 
and other experiments cited above, we have been led to conclude that 
the participation of skeletal, in addition to hepatic, VDM in the evolution 
of traumatic shock, is the major factor which differentiates this syndrome 
from hemorrhagic shock. 

Therapeutic Implications. It is apparent from these experimental 
results that the correction of a state of shock which has become irreversible 
to the present type of fluid replacement therapy requires the utilization 
ol other measures in addition to transfusion. These measures, in order 
to be effective, should correct the derangements which have developed 
in the hepatic vasodepressor and renal vasoexcitor mechanisms. The 
immediate therapeutic goal consists in the liberation of the vascular 
bed from the dccompcnsatory influences of VDM; the ultimate goal, 
in the arrest and reversal of the progressive dysfunction of the liver 
with respect to VDM formation and inactivation, which results from 
prolonged anoxia. The first might be achieved by the inactivation of 
humoral VDM by appropriate agents such as the cell-free liver extract 
which has proved capable of inactivating VDM under aerobic condi¬ 
tions ill vitro. The attainment of the second may be dependent upon 
the administration of substrates favorable to the regeneration of the liver 
inactivation system. Another approach would consist in supplying VEM 
in amounts sufficient to insure the resumption of the compensatory type 
of vascular reactivity, which in turn would lead to the restoration of 
an adequate blood flow to the tissues, particularly to liver and kidney. 

Objection has frequently been expressed to the use of the term, irre¬ 
versible shock, in view of tha more favorable results which are being 
obtained by the use of more massive and frequent whole blood trans¬ 
fusions. Ilowevcr, the term, irreversibility, appears to be a legitimate 
description of the prcs('nt status of replacement therapy for certain well- 
defined states of experimental shock and will have served its purpose if 
it has focused attention on those factors which arc responsible for its 
developni(‘nt. It may w('ll be that the more favorable results recently 
observed to follow tlic extensive use of massive transfusions have been 
achieved by permitting the survival of the patient long enough for a 
regeneration of the hepatic and renal vasotropic mechanisms to take 
place. The benefit derived from whole blood transfusions may, therefore, 
consist not only of the maintenance of aerobic conditions in the organism, 
but also in the supply of essential precursors of these enzymatic systems. 

The General Significance of VEM and VDM. There are two 
possible interpretations of the role of VDM in shock. It might be 
regarded as an abnormal, “toxic” by-product of hepatic anoxia, or as 
a physiological principle whose toxic effect results from its excessive 
concentrations in shock. The latter represents our present viewpoint. 
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This is supported by the existence in the liver, of specific enzymatic 
mechanisms both for its production and destruction. The same considera¬ 
tions would apply to the participation of renal VEM in the shock 
syndrome. As in the liver, there exist in the kidney enzymatic mechanisms 
not only for the formation but for the inactivation of this vasotropic 
principle. The converse action of VEM and VDM on the terminal vascu¬ 
lar bed has brought us to the hypothesis that these vasocxcitor and vaso¬ 
depressor principles are oppositely-acting components of a homeostatic 
mechanism participating in the regulation of peripheral blood flow and 
blood pressure. The vascular arrangements in both kidney and liver are 
such as to favor the development of the intermittent ischemia necessary for 
the production of these vasotropic principles. This, in addition to the 
presence of systems in both organs for their formation and inactivation, 
provides an ideal chemico-physiological basis for such a homeostatic 
mechanism. In the course of experimental shock, the magnitude and 
abruptness of the circulatory disturbances lead to the initial preponder¬ 
ance of the renal vasoexcitor principle and the eventual predominance 
of the hepatic vasodepressor. These circumstances represent drastic 
disturbances of equilibrium. Under more normal circumstances, cir¬ 
culatory homeostasis would undoubtedly be accomplished by more subtle 
alterations in the equilibrium between these vasotropic principles. 
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EFFECTS OF HEMORRHAGE ON THE KmNEY 

By Donald D. Van Slykb 

The Hospital of The Rockefeller Institute for Medical Research^ New York, N, Y, 

THE EFFECT OF HEMORRHAGE ON THE COMPLETENESS OF 
THE EXTRACTION OF PARA-AMINOHIPPURIC AOD (PAH) 
BY THE KIDNEY AND ON THE ACCURACY OF THE PAH 
CLEARANCE AS A MEASURE OF RENAL BLOOD FLOW 

Dr. Homer Smith and his collaborators have shown that the plasma 
clearance of para-aminohippurate serves as an approximate measure of 
the volume of plasma that flows through the kidneys per minute. For 
the PAH clearance to equal exactly the renal plasma flow, it would be 
necessary for the kidneys to extract, from the plasma of the blood, 100 
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Figure 1. 

per cent of the PAH, so that the plasma of the renal venous blood would 
be entirely free of hippurate. In order to ascertain how accurately the 
hippuratc clearance measures the renal plasma flow both under normal 

( 593 ) 
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conditions and after hemorrhage, it was necessary to measure the com¬ 
pleteness of the extraction. This was accomplished^ by comparing the 
PAH concentration of plasma from the renal vein with the PAH con¬ 
centration of the arterial plasma. It was found, as shown in figure 1, 
that an average of 87 per cent of the plasma PAH was extracted by the 



Figure 2. 


kidneys, and that when the renal plasma flow was decreased by severe 
hemorrhage, this 87 per cent extraction was completely maintained until 
the flow of blood through the kidney fell below 3 per cent of normal. 
Figure 2 shows renal plasma flows calculated as 1.15 times the hippuratc 
clearance compared with actual plasma flows. The actual plasma flows 
in liters per minute were measured by dividing the amount of hippuratc 
excreted in one minute by the amount extracted from one liter of plasma. 
It is seen, from figure 2, that the plasma flow, even when extremely 
decreased by hemorrhage, can be estimated as 1.15 limes the hippuratc 
clearance.* 

The greater part of the hippurate excreted by the kidney is excreted 
by the tubules, so that the completeness of extraction of the hippuratc 
from the plasma serves as a measure of the functional activity of the 
tubular cells. It appears that this activity is maintained even when, as 

♦ The above conclusion applies only when the duration and severity of the hemorrhat?ic shock 
and the resultant renal ischemia are not so Rreat that the kidneys suffer orcranic damat?e of the 
type that can cause uremia after recovery from shock. When such damagre occurs, the tubules 
are so injured that the kidneys extract much less than the u-^ual 87 per cent oC hippurate fiom 
the plasma, and 1.16 times the hippurate clearance is much less than the renal plasma flow 
(for example, see Pigurb 10). The experiments reported in FiOurtES 1 to 9 represent results 
of acute hemorrhagic shock, not of sufficient severity (except perhaps in Fiourq 4) to cause 
such injury. 
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the result of hemorrhage, the renal blood flow is decreased to 3 per cent 
of normal. The phenomenon could be explained by assuming that when 
the renal blood flow is thus decreased, it is completely shut off from part 
of the nephrons, while those which continue to be perfused function in 
an entirely normal way. This assumption would also explain the fact, 
observed in our studies, that a great reduction in renal blood flow during 
hemorrhagic shock is not accompanied by a significant decrease in the 
oxygen saturation of the renal venous blood. In the body as a whole, 
when the circulation is decreased, the tissues compensate for the retarded 
blood flow by extracting a larger part of the oxygen from the blood, so 
that the venous blood becomes dark and shows an increased degree of 
oxygen unsaturalion. In the kidneys, on the contrary, the blood flow can 
be reduced to a very low level and still the renal venous blood maintains 
its normal, nearly arterial degree of redness and its oxygen content.^ This 
also could be explained by the diminished volume of blood passing 
through an equally diminished number of nephrons at a normal rate with 
the rest of the kidney receiving relatively little blood. The constant and 
nearly complete extraction of PAH indicates that no increased fraction 
of renal blood by-passed the nephrons in the manner recently described 
by Trueta.® 

THE IMMEDIATE EFFECT OF HEMORRHAGE IN CAUSING 
RENAL ISCHEMIA AND THE SUBSEQUENT RESTORATION 
OF RENAL BLOOD FLOW BY PERIPHERAL CONSTRICTION 

In FIGURE 3 are shown the effects of repeated hemorrhage on the 
arterial blood pressure and on the para-aminohippurate clearance of a 
dog. It is evident that severe and rapid hemorrhage causes an immediate 
reduction in the hippurate clearance and therefore the renal plasma flow, 
but that there quickly follows a rise both in arterial blood pressure and 
in the renal blood flow. In figure 3, this phenomenon is demonstrated 
in three successive hemorrhages during the course of three hours in a 
single dog. After a fourth hemorrhage, restoration of the renal blood 
flow (para-aminohippurale clearance) was incomplete, but infusion of 
a volume of plasma equal to only one-fourth of the blood that had been 
withdrawn restored the hippurate clearance to practically normal. 

The apparent explanation of these phenomena is that, immediately 
after a sudden hemorrhage, the kidney shares with the rest of the body 
a decrease in blood flow, but that within a certain period, which may 
be only a few minutes, constriction of the peripheral circulation sets in, 
and the circulation of the kidney is more or less completely restored. 
Presumably this peripheral constriction is caused by the vasopressor sub¬ 
stance studied by Shorr, Zwcifach, Chambers, and their collaborators. 
Evidence that the total vascular bed is constricted after severe hemor¬ 
rhage, is the fact, shown in figure 3, that after hemorrhage continued 
to the verge of death, replacement by a plasma infusion of only one- 
fourth of the blood withdrawn entirely restored the circulation of the 
kidney. 
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In FIGURES 3 and 4, PAH represents para-aminohippurate clcaraince, 
B. P. arterial blood pressure, and Cr the creatinine clearance. 
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Figubd 8. 

Figure 4 shows the results of a hemorrhage so severe that, during a 
period of several hours, blood flow through the kidney was not sufficient 
to be measured. Thereafter, replacing all the blood lost resulted in only 
a slow and incomplete restoration of renal blood flow and of glomerular 
filtration as measured by the creatinine clearance. The partial restora¬ 
tion of renal function was only temporary, followed by a rapid decline 
both of renal function and of blood pressure. It is apj^arent that tliis 
animal had reached the stage of advanced shock in which peripheral 
constriction gives way to dilatation and the shock becomes irreversible, a 
phenomenon which is explainable by the replacement of the vasocon¬ 
strictor material by vasodepressor material noted by Shorr, Zwcifach, and 
Chambers. 

EFFECTS OF GRADUAL BLOOD LOSS ON RENAL BLOOD 
FLOW AND GLOMERULAR FILTRATION: EVIDENCE OF COM¬ 
PENSATORY CONSTRICTION OF THE EFFERENT VESSELS 
OF THE NEPHRONS 

Figure 5 presents data which permit an analysis of the effects of 
hemorrhage on renal fmiction. Blood was withdrawn from the dog in 
successive portions, as indicated by the curve at the bottom of the 
figure. The values for plasma flow were determined by dividing the 
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amoxint of para-aminohippurate excreted in the urine per minute by the 
amount removed from one liter of plasma during passage of the kidney, 
as measured by simultaneous analyses of the plasma of arterial and 
renal venous blood. Creatinine clearances were determined and inter¬ 
preted as measures of the filtration rate in terms of volume of glomerular 
filtrate formed per minute. Dividing the filtration rate by the plasma 
flow gives the fraction of water in the plasma that is filtered during 
passage of the glomerulus. This fraction is normally about 25 per cent 
of the plasma water. The curve for the filtered fraction is indicated in 



the figure. It is evident that renal plasma flow undergoes a progressive 
fall after withdrawal of the first 25 cc. of blood per kgm. The arterial 
blood pressure, however, is maintained until the gradual withdrawal is 
more than 40 cc, per kgm. It is evident that during this period, periph¬ 
eral constriction has served to keep up the general arterial blood 
pressure, but that the constriction, to some extent, includes the kidney 
as well as peripheral tissues. A striking compensatory effect is the marked 
increase in the percentage of plasma water filtered in the glomerulus. 
This rises from 26 per cent to 38 per cent (figure 5) during the first 
4 hours of the experiment. After this period, there is a rapid fall in both 
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renal plasma flow and in the filtered fraction, so that the excretory func¬ 
tion of the kidney falls to almost zero. This debacle of the kidney 
occurred despite the fact that the blood pressure was still maintained at 
80 mm. It appears that, when hemorrhage is sufficiently severe to 
demand a maximal peripheral constriction in order to maintain blood 
pressure and blood flow through the heart and brain, the blood flow to 
the kidney is shut off, as is the flow to the skeletal muscles, and that the 
function of the kidney is suppressed in order to maintain the vital central 
organs. 

In FIGURE 6 , another example of similar phenomena is shown. During 
the period from the 5th to the 11th hour of the experiment, the blood 
pressure, despite continuous withdrawal of blood, is raised from 80 to 
90 mm. The filtered fraction, which has fallen to 13 per cent, is raised to 
25, presumably because constriction of the efferent vessels of the kidney 
is more marked than that of the afferent. Eventually, after the 7th 
hour, the shut-down of the kidney occurs. Figure 7 is another example of 
the same phenomena. 



Figueb 7. 


RELATIVE EFFECTS OF HEMORRHAGE ON THE FUNCTION 
OF THE KIDNEY AND THE LIVER IN THE DOG 

The question whether death is more likely to be caused by uremia or 
by failure in other vital organs, may be due to the relative extent to which 
renal function, compared with that of other organs, is affected. Figure 8 
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presents data, unpublished so far, which give some comparison of the 
relative effects of hemorrhage on the kidney and on the liver. In the 
normal dog the function of the liver in oxidizing uric acid is so active 
that the plasma uric acid level is normally maintained below 0.5 mg. per 
100 cc. The plasma ammonia concentration is normally kept below 
0.1 mg. per 100 cc., also by action of the liver, according to available data. 
In FIGURE 8, it is seen that a hemorrhage sufficient to reduce renal plasma 
flow to zero for 2 hours was not accompanied by significant rises in either 
the ammonia or uric acid content of the plasma. However, when a 


Hemorrhagic Shock - Dog 
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second portion of blood was subsequently witlidrawn, lowering the arterial 
blood pressure to 25 mm., the plasma ammonia nitrogen and uric acid 
began to rise rapidly. This rise continued until, after 90 minutes, the 
blood withdrawn was replaced. This replacement was followed by an 
immediate drop of the uric acid and ammonia contents of the plasma, 
accompanied by a restoration also of the renal blood flow. It appears 
from such experiments that in the dog, the function of the kidney is 
abolished by hemorrhage before that of the liver. 

Figure 9 gives the plasma amino acid and urea concentration values 
obtained in the same experiment. It will be seen that the amino acid 
nitrogen after the second withdrawal of blood shows the same rapid rise 
that was demonstrated by ammonia and uric acid. Since removal of 
amino acids from the circulation has been shown to be a function of the 
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liver, the behavior of the amino acid curve strengthens the supposition 
that the liver function did not fail greatly until after the second blood 
withdrawal. Work of many investigators, especially Man and his col¬ 
laborators, has shown that urea is formed exclusively in the liver, and 
that when the kidney function is discontinued, blood urea will rise steadily 


Hemopphagic Shock - n)og 



Figitbe 9. 


as a result, as long as the liver continues to function. During the first 
2 hours, the blood urea docs, in fact, rise steadily, indicating that the 
liver was functioning. Thereafter the blood urea curve becomes relatively 
flat, again indicating approximate cessation of liver function. 

RENAL FUNCTION AFTER TBOE RELEASE OF TEMPORARY 
CLAMPING OF THE RENAL ARTERY 

The relative orders, with regard to time, in which the kidneys and the 
liver cease to function during progressive hemorrhage, does not neces¬ 
sarily indicate the order in whi^ damage to these organs from ischemia 
becomes irreversible. The kidneys of the dog have been shown by 
Phillips and Hamilton^ to endure complete occlusion of the renal artery 
for as long as 3 hours without irreversible damage. After 4 hours, how¬ 
ever, the damage is practically always irreversible, and the aniitial dies 
a few days later in uremia, without return of renal function. Figure 10 
shows the slow recovery of renal function as measured by the hippuratc 
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clearance, and the renal plasma flow after 2 hours’ clamping of the 
renal artery. The effect of clamping the renal artery is more severe than 
the effect of hemorrhage sufficient to reduce the renal blood flow below 
a measurable rate for the same length of lime. It is possible to depress 
dog renal blood flow to nearly zero by hemorrhage for several hours, and 
then to obtain almost immediate return oi function by restoration of 
the lost blood. It is probable that during the depression caused by 
hemorrhage, some small trickle of blood continues to get to the kidney, 
enough to prevent damage to the nephrons as rapid as that which is 
obtained by complete closure of the renal artery. 



In a given animal species, the question whether hemorrhage can pro¬ 
duce uremic death appears to depend on the relative ability of the kidney, 
compared with other vital organs, to withstand the effects. In man, death 
in uremia a week or more afterwards has been observed to follow shock 
caused by hemorrhage, trauma, or dehydration such as occurs in Asiatic 
cholera. In these conditions, anuria, caused by the decreased blcK)d 
volume, fails to be relieved with restoration of the lost blood or fluid, 
or, if some flow of urine is reestablished, it is of such low volume and 
concentration that it does not suffice to prevent uremia. The condition 
is gjTnilflT to that observed in dogs in which the renal artery was closed 
for more than 3 houm. 

In dogs, it has not been possible to produce uremia by hemorrhage. 
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The apparent reason is that the kidney is more resistant, relative to 
the other vital organs, in the dog than it is in man, so that if hemorrhage 
is made sufficiently severe and prolonged in the dog to cause irreversible 
renal failure, the animal dies Irom other damage, usually circulatory, 
without surviving long enough to develop uremia. 

SUMMARY 

After sudden hemorrhage of 20 to 30 cc. per kg., the sequence of 
events observed in dogs under nembutal anesthesia was a drop in 
arterial blood pressure to 50-60 mm., with cessation of measurable renal 
blood flow and excretion, followed quickly by partial or nearly complete 
restoration of central blood pressure and of renal function. The restora¬ 
tion appeared to be attributable to constriction of the extrarenal periph¬ 
eral vessels, and to indicate that renal circulation was favored at the 
expense of extrarenal peripheral circulation. 

However, if further progressive hemorrhage followed during a period 
of several hours, over an approximate range of 30 to 40 cc. of total blood 
loss per kg., this blood loss was accompanied by progressive decrease in 
renal blood flow, although arterial blood pressure might be maintained 
above 100 mm. During this period, the fraction of plasma water filtered 
in the glomeruli, as measured by the creatinine extraction, tended to 
increase, and thereby to uphold the volume flow of glomerular filtrate 
despite the shrinkage in renal blood flow. The circulatory phenomena 
during this period apparently included partial constriction of the afferent 
renal vessels, adding renal to periphery constriction in the endeavor to 
maintain central blood pressure, while the efferent renal vessels con¬ 
stricted still more than the afferent ones, to produce the compensatory 
increase in the fraction of plasma water filtered. 

When hemorrhage surpassed a certain limit, about 40-45 cc. per kg., 
or when blood lost by somewhat smaller hemorrhage was not replaced 
for some hours, or when muscle trauma exceeded a certain limit, both 
renal blood flow and the fraction of plasma water filtered fell to almost 
zero levels. This renal debacle might occur when the central blood 
pressure was still 80-100 mm. It appeared that, by maximum afferent 
renal constriction, the organism at this stage temporarily strangled the 
kidneys in an effort to maintain central blood pressure. If not too severe 
or prolonged, the condition in this stage was still reversible by infusion of 
blood or plasma, or by spontaneous recovery. 

The relations between central blood pressure, renal blood flow, and 
glomerular filtration in shock caused by muscle trauma were similar to 
the relations noted in shock caused by hemorrhage. 

The results reported were obtained by Phillips, Dole, Hamilton, 
Emerson, Archibald, and the author^* ^ in investigations at the Hospital 
of The Rockefeller Institute carried out under the sponsorship of the 
Institute, the Navy, and the Committee of Medical Research of the 
O.S.R.D. 
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METABOLIC CHANGES ASSOCIATED WITH 
HEMORRHAGE 

By Alfred E. Wilhelmi and C. N. H. Long 
Department of Physiological Chemistry^ Yale University, New Haven, Connecticut 

The study of the dynamics of the circulatory system necessarily takes 
first place in the physiology of hemorrhage. It has led to the develop¬ 
ment of therapeutic measures which, when applied in good time, can 
bring about recovery in many instances after severe hemorrhage asso¬ 
ciated with profound shock. The study of metabolism after hemorrhage 
has as its principal objective the solution of problems raised by the 
limitations of the present therapeutic methods. This solution has to be 
based on an understanding of the metabolic changes accompanying, and 
perhaps responsible for, the so-called “irreversible** state of shock. One 
such change, the production of vasodepressor material by llic anoxic 



liver, was described and discussed in one of the preceding papers.^ An 
important part of the metabolic studies consists in discovering to what 
extent and how rapidly the defects brought about by severe hemorrhage 
can be repaired, since, if tliese changes can be reversed, a hopeful basis 
for developing supplementary therapeutic measures is established. 

( 605 ) 
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The studies of the metabolic changes associated with hemorrhage that 
have been carried out in our own and other laboratories now make it 
possible to differentiate between two patterns of change in animals after 
bleeding. The first group of changes is characteristic of the response of 
animals to stresses in general, in which the principal condition to be met 
is an increased demand for energy which may have to be sustained for 
a long time. The response of the rat to a non-fatal hemorrhage (loss of 
about 1 ml. of blood per 100 cm.^ of body surface in the course of 
an hour) provides a good illustration of these characteristic metabolic 
changes.^ 

Shortly after bleeding has begun, there is a marked fall in the con¬ 
centrations of cholesterol and ascorbic acid in the adrenal cortex 
(figures 1 and 2). This change is reversed within a few hours, and by 



Fioube 2. Depletion of adrenal ascorbic acid following a non-fatal hemorrhage, after admin¬ 
istration of a single dose of adrenocorticotrophic hormone (cf.^). 


24 hours the concentrations of both substances have returned to or near 
the normal level. A similar response is evoked by the injection of 
pituitary adrenocorticotrophic hormone. In the hypophysectomized 
animal, a non-fatal hemorrhage does not bring about any significant 
changes in adrenal cholesterol and ascorbic acid (figure 3). Hemor¬ 
rhage, like many other types of stress, leads to stimulation of the pitui¬ 
tary gland and release of adrenocorticotrophic hormone, which in turn 
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brings about an increase in the activity of the adrenal cortex. The 
effects of this increased output of cortical hormones cannot yet be 
assessed in terms of the specific metabolic reactions in which they are 
involved, but its importance is clearly indicated by the fact that both 



FiGURD 3. Chan£res in plasma sugar, adrenal cholesterol, and adrenal ascorbic acid of intact 
and hypophysectomized rats, following a non-fatal hemorrhage (cf.®). 


hypophysectomizcd and adrcnalectomized animals are abnormally sensi¬ 
tive to stresses of all kinds. In general terms, the increased secretion of 
cortical hormones may be related to an increase in nitrogen catabolism 
and to increased formation of new carbohydrate. 

The most striking change in the blood after non-fatal hemorrhage is 
an increase in blood sugar which may be sustained for some hours. 
There are also increases in blood lactate and pyruvate. However, the 
lactatc/pyruvate ratio is within normal limits, indicating that the 
metabolic processes in the peripheral tissues are mainly oxidative. These 
changes arc probably due to the reflex secretion of epinephrine, since they 
are not seen in the adrenodemedullated animal. There is a small decrease 
in plasma cholesterol, a slight increase in ascorbic acid, and no change 
in plasma amino nitrogen. Daniel Kline® has recently shown that in 
the dog, after non-fatal hemorrhage, there is a sustained increase in the 
output of amino acids from the muscles, but that since there is an 
increased intake of amino acids by the liver, no net change in plasma 
amino nitrogen takes place. 

Additional evidence of an increased protein metabolism after non- 
fatal hemorrhage has been obtained in the ncphrectomized rat.^ In 
this preparation, the intravenous injection or infusion of an amino acid 
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mixture is followed by an increased rate of accumulation of urea in the 
blood (figure 4). The increment is largest in the first hour and sub¬ 
sides to the basal level by the end of the third hour after injection. After 
a non-fatal hemorrhage, the rate of urea production is sustained at the 



HOURS 


Fjgutcb 4. The effects of a single intravenons injection of 1.5 ml. of 10 per cent casein 
hydrolysate (16.5 mg. N) on urea formation in nephrectomized rats, normal, after a non-fatal 
hemorrhage, and in a fatal case. The pre-injection curve represents the normal hourly rate 
of ui*ea production prior to injection of amino acids (cf.*). 


initial high level for a longer time.* These observations are consistent 
with the well-known fact that there is an increased nitrogen excretion 
after recovery from many kinds of injury or stress, including hemorrhage 
severe enough to have caused shock and temporary anuria. 

The liver also appears to be normal in other respects. There is no 
significant change in the concentration of electrolytes and of water.® 
Also, the rates of oxygen uptake, deamination, and urea synthesis by the 
liver tissue in vitro are relatively normal.®^ There is a fall in liver 
glycogen which is related to the increase in blood sugar, and, since the 
increased blood sugar is sustained for many hours even in the fasted 
rat, it is probable that there is new formation of carbohydrate from 
lactate and amino acids brought to the liver from the peripheral tissues. 

These responses of the animal to a hemorrhage from which it can 
recover spontaneously are similar in kind and in degree to the metabolic 
changes accompanying severe exercise or other kinds of stress. One of 


* It may be noted here that Engel has since discovered, and Russell in our laboratory has 
confirmed the observation, that the high rate of urea producUon observed in these experiments 
is not seen if the amino acid solution is carefully sterilized. However, the exaggerated urea 
production brought about by the injection of non-sterlle amino acid solution helps to emphasize 
the point that, after a non-fatal hemorrhage, the capacity of the liver to synthesize urea from 
administered amino acids is in no wc^ impaired. 



WILHELMI & LONG: METABOLIC CHANGES 


609 


their characteristics is that they seem to be designed to meet an increased 
demand for energy in circumstances in which the supply of oxygen 
or of substrate, or both, is relatively and temporarily insufficient. Another 
important characteristic is that the responses are reversible, so that 
within a relatively short time the organism returns to its initial steady 
state. 

The second group of metabolic changes associated with hemorrhage 
accompanies the development of shock. It arises as a consequence of the 
diminished supply of oxygen and nutrients to the tissues. Some of these 
changes are an exaggeration of the normal metabolic responses to stress. 
Others are new, and are related to the failing metabolic activities of one 
or more organs. 

In shock, the concentrations of cholesterol and ascorbic acid in the 
adrenal cortex fall to still lower levels than those attained during the 

Table 1 

Adrenal, Liver, Brain, and Plasma Cholesterol Following a 
Fatal Hemorrhage 


Values expressed as mg. per 100 mg. of fresh tissue and mg. per 100 ml. of plasma; 
each value represents the average and standard error of 5 to 7 animals. 



Controls 
(not bled) 

Bled 

Intermediate stage 

Teiminal 

Adrenal 

5,84 ±0,314 

2.58 ±0.414 

1.53 ±0.140 

Liver 

0.391 ±0.0239 

0.325 ±0.0093 

0.330±0.0101 

Brain 

1.89 ±0.031 

1.85 ±0.040 

1.93 ±0.041 

Plasma 

55 ±2.6 

43±1.8 

42±3.5 


Table 2 

Adrenal, Liver, Brain, and Plasma Ascorbic Acid Following a 
Fatal Hemorrhage 

Values expressed as mg. per 100 gm. of fresh tissue and mg. per 100 ml. of plasma; 
each value represents the average and standard error of 5 to 7 animals. 



Controls 

Bled 


(not bled) 

Intermediate stage 

Terminal 

Adrenal 

403 ±15.2 

231 ±11.6 

205 ±7.9 

Liver 

24.0 ± 1.10 

20.5 ± 2.18 

13.2 ±0.99 

Brain 

39.6 ± 0.72 

41.3 ± 0.69 

38.9 ±1.37 

Plasma 

0.51 ± 0.058 

2.57 ± 0.128 

3.0 ±0.476 


normal response to stress, and they show no tendency to return toward 
the initial levels (tables 1 and 2). This may be a sign of continued 
intense stimulation of thet adrenal cortex, such that the demand for 
cholesterol and ascorbic acid outruns the supply. Since the rat is capable 
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of synthesizing ascorbic acid, this animal is unsuitable for determining 
whether the supply of the vitamin can be a limiting factor in the 
response to severe stress. It has recently been observed by Ghristianne 
Dosne de Pasqualini^ that the pretreatment of guinea pigs with large 
doses of ascorbic acid greatly increases the proportion of animals surviv¬ 
ing after a severe, otherwise usually fatal, hemorrhage. It has not yet 
been demonstrated, however, that the administration of ascorbic acid at 
a time when the circulation is already seriously diminished can con¬ 
tribute materially to recovery from shock, nor is it certain yet that the 
functional activity of the adrenal cortex remains unimpaired in severe 
shock. At present, most of the questions raised by the observation that 
the adrenal cortex is intensely activated in severe stress and that both 
cholesterol and ascorbic acid play an important part in this activity, 
are unanswered. 

As shock develops after a fatal hemorrhage, the blood sugar, which 
may at first increase, begins to fall, owing to depletion of liver glycogen 
and possibly also to failure of the liver to make new carbohydrate, but 
especially owing to a greatly increased rate of utilization of carbohydrate 

BLSD 



FiQUBB 5. The effect of hemorrhase on the blood su£rar levels of eviscerate adrenodemed- 
uUated rats. The rats bled lost 1.5 per cent of their body weight of blood during the first 
hour after evisceration (cf.®). 


by the peripheral tissues.® The last effect may be seen clearly in the 
eviscerated rat (figure 5). In this preparation, the blood sugar usually 
falls slowly, reaching hypoglycemic levels in to 2 hours. After 
hemorrhage, there is a precipitate fall in blood sugar, and the animal 
dies in convulsions within a short time. At the same time, there is a 
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large increase in blood lactate, and a moderate increase in pyruvate 
(figure 6). The high lactate/pyruvate ratio, which is also seen in the 



FiGURD 6. The effect of eviscerationp and of evisceration plus hemorrhaere, on the blood 
lactate and pyruvate levels of adrenodemedullated rats. The rats bled lost 1.5 per cent of 
the body weisht of blood immediately after evisceration. Convulsions immediately precede 
death (cf.°). 


intact animal in shock^^® marks a shift toward anaerobic carbohydrate 
metabolism in the anoxic peripheral tissues. This may be correlated with 
the increased carbohydrate requirement. 

The lactacidemia observed in shock can be associated with the marked 
fall in carbon dioxide combining power of the plasma. Acidosis is one 
of the metabolic changes first associated with shock. Cannon and other 
workers, more than 25 years ago, gave bicarbonate to patients and 
animals in shock, in the expectation that relieving the acidosis might 
increase their chances of recovery. During the late war, the effects of 
alkalinizing agents were studied experimentally by a number of investi- 
gators.^^-^^ The observations of Wiggers and Ingraham, in a recent 
paper,^^ are fairly representative of the results obtained. In severe hemor¬ 
rhagic shock in dogs, the administration of sodium lactate was without 
beneficial effect, but the administration of sodium bicarbonate resulted 
in a significant increase in the rate of survival. In almost every instance, 
bicarbonate brought about a marked increase in the carbon dioxide com¬ 
bining power of die plasma, while lactate did not. The lactacidemia of 
shock is a sign that lactate is already being produced at a rate faster 
than it can be removed. In these circumstances, sodium lactate is 
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unlikely to be an effective alkalinizing agent. It may be emphasized that 
the acidosis of shock is a metabolic acidosis, and that it is associated with 
a state of insufficient oxygen supply to the tissues. Nothing is gained by 
administering a substance that must be rapidly metabolized to be effective 
in relieving the acidosis. 

A new and important chemical change in the blood after severe hemor¬ 
rhage is a progressive rise in amino nitrogen with increasing severity 
of shock (figures 7 and 11). This change appears at a time when 
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the blood pressure has fallen and remains below about 80 mm. of Hg. 
It is coincident with a marked fall in portal venous oxygen tension The 
increase in amino nitrogen can be associated, in part, with a failure, due 
to diminished oxygen supply, of the capacity of the liver to assimilate 
amino acids, and in part with an accelerated output of amino acids by 
the peripheral tissues. In rats in which the gastrointestinal tract is 
removed and the blood supply to the liver is provided solely by the hepatic 
artery, the blood amino nitrogen remains at normal levels (figure 8). 
When the blood supply to the liver is cut off by clamping the hepatic 
artery, the blood amino nitrogen increases, since there is a slow, steady 
output of amino nitrogen from the peripheral tissues^®’ II the clamp 
is released after a short time, the liver can arrest this increase in blood 
amino nitrogen, but if the period of anoxia is sufficiently long, the liver 
no longer can remove amino acids from the blood when blood flow 
through the organ is restored by releasing the hepatic artery. In the 
intact animal, the major part of the blood and oxygen supply to the 
liver is provided by the portal vein, and in shock, the rise in blood amino 
nitrogen can be correlated with the fall in blood pressure and with a 
decline of portal venous oxygen tension to very low levels, that is to say, 
with progressive anoxia of the liver tissue (figure 9). The increased 
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peripheral contribution to the blood amino nitrogen in shock may be 
seen in the eviscerated rat®. In this preparation, the slow, steady output 
on amino nitrogen from the peripheral tissues is greatly accelerated 
after hemoirhage (figure 10). Kline® has recently reported similar 
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changes in plasma alpha-amino nitrogen after fatal hemorrhage in do^. 
There is an increase in f( moral vein amino nitrogen over the arterial 
level which persists in spile of a steadily rising level of arterial amino 
nitrogen. The arterial-portal difference in amino nitrogen increases as 
well, indicating that amino nitiogcn is added to the blood as it passes 
through the gastrointestinal tract. Although the portal-hepatic differ- 
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ences show that the liver increases its intake of amino nitrogen from the 
blood, the rate of increase is not adequate to prevent a general rise in 
plasma amino nitrogen. 

The rise in blood amino nitrogen is one of the most reliable indices 
of the severity of shock in the rat^"^* Owing to changes in the hemato¬ 
crit during shock and to the high concentration of amino nitrogen in 
the red cells, the change in plasma amino nitrogen is a more dependable 
measure than the change in whole blood. In the rat,^,an increase in 
plasma amino nitrogen of more than 1 mg. per cent by the end of an 
hour after the onset of bleeding indicates that the animal will die within 
another hour unless some therapeutic measures are taken (table 3). 



Figure 10. The effect of hemorrhage on the blood amino nitrogen of cvihceratc rats. The 
rats bled were subjected to a hemorrhase of 2 per cent of the body weight of blood between 
the first and second hours after evisceration (cf. ®). 

Such a rise in plasma amino nitrogen occurs when shock is already well 
advanced, but it may be seen before any “irreversible” change has taken 
place. The level of the plasma amino nitrogen may also be useful in 
estimating the degree of recovery from shock. This possibility, however, 
requires experimental investigation. 

Additional evidence that the liver is early and seriously damaged in 
shock, has been obtained from studies of urea synthesis in vivo and in 
vitro,^^ ® from studies of the rates of deamination and of oxygen intake 
of the liver tissue,® and from determinations of the composition of the 
liver with respect to water and electrolytes and amino nitrogen.®* In 
the nephrectomized rat, subjected to a fatal hemorrhage, the injection 
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or constant intravenous infusion of an amino acid mixture leads to a 
much lower rate of accumulation of urea in the blood than that found 
in control animals (figure 3). At the same time, the blood amino 
nitrogen increases, whereas it usually is unchanged in the controls or 
even in nephrectomized rats subjected to a non-fatal hemorrhage 


Table 3 

Relation between the Change in Plasma Amino Nitrogen During Bleeding 
AND THE Survival of Rats 


Change in plasma 
amino nitrogen* ' 
mg. % 

Number 

of 

rats 

Died 

Survived 

Deaths 

percent 

Survival time 
minutest 

—1.0 to- 

-0.1 

9 

3 

6 

33 

55 to 140 (Avg. 84) 

0 to - 

-0.5 

20 

11 

9 

55 

5 to 72 Avg. 36) 

+0.5 to - 

-1.0 

19 

14 

5 

74 

6 to 65 (Avg. 33) 

+1.0 to-l 

h5.6 

26 

26 

0 

100 

2 to 120 (Avg. 35) 



74 

54 

20 




All animals bled 2.6-2.7 ml. per 100 g, of body weight in 1 hour. 

* Change in plasma amino nitrogen from beginning to end of hemorrhage, 
t Survival time of animals that died only are included. Time in minutes after end of 
bleeding. 

(figure 11). These observations are supported by the findings that 
urea synthesis, deamination, and oxygen intaie are diminished in the 
liver tissue of rats in hemorrhagic shock (figure 12). In the intact 
animal, urea synthesis and deamination seem to be affected in the same 
degree, since there is an increase in liver tissue amino nitrogen in shock, 
without an increase in ammonia at a time when urea formation is greatly 
diminished.® as disorganization of liver metabolism in shock has 



0/^3 

HOURS 


FiouRB 11. The effect on the blood amino nitrogen of continuous intravenous infusion of a 
10 per cent casein hydrolysate solution, in control and bled nephrectomized rats. Amino 
nitrogen plotted as rise (in mg. per cent) over the pre-injection levels (cf.*). 
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also been associated, in the studies of Govier and Grieg,with the 
destruction in the anoxic tissue of the cocnzymcs, co-carboxylase, cozy- 
masc, and alloxazine-adcninc dinucleotide, and with the inactivation of 
some of the specific proteins with which these co-factors operate. A 
similar inactivation of the enzyme system responsible for the destruction 
of the vasodilator material has been reported in a previous paper by 
ShoiT.^ 



FiauRD 12. Fcrccntaso changes with increasing severity of shock after hemorrhage (normal 
*= 100 per cent) in blood amino nitrogen, rate of oxygen uptake of liver slices in phosphate 
buffer with 0.2 per cent glucose, and urea nitrogen synthebized from ammonia and lactate, and 
ammonia, lactate and ornithine, by liver tdiccs in bicarbonate buffer (of.^). 

All of the evidence indicates that the liver is particularly vulnerable 
in shock, and that it may suffer damage well before other organs have 
been seriously affected. One reason for this lies in the nature of the 
hepatic blood supply, which is unequally divided between the hepatic 
artery and the portal vein, so that the greater part —60 to 75 per cent 
cent—of the blood and oxygen supply to the liver is provided by the 
portal vein. It has been shown, by Blalock and Levy,^® that a hemorrhage 
suflScient to reduce the blood pressure only to 80 mm. of Hg may reduce 
the blood flow through the liver by more than 50 per cent. Wiggers, 
Opdyke, and Johnson^® have shown recently that after acute hemorrhage 
in dogs there is an increase in hepatic resistance relative to mesenteric 
resistance to blood flow, so that the total blood flow through the liver 
is likely to be reduced much more than the fall in arterial pressure would 
indicate. This factor, combined with an early fall in portal venous 
oxygen tension, must lead to hepatic anoxia relatively soon after a severe 
hemorrhage. 
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Other factors contributing to hepatic damage may derive from the 
normal metabolic activities of the liver^ and from its normal response to 
stress. The liver is an organ of carbohydrate storage and synthesis. 
One of its functions is to deliver glucose to the bloodstream on demand, 
and it docs this in response to hemorrhage. The liver may, therefore, 
be depleted of glycogen at a time when its requirement for this substrate 
is increased owing to the reduction of its oxygen supply. The liver is 
also an important site of fat oxidation, and judging from the respiratory 
quotients found by many investigators in liver slices from both fed and 
fasted animals, fat usually comprises a large proportion of the metabolic 
mixture being oxidized in the liver. In anoxia, there may be an accu¬ 
mulation of free fatty acids in the liver cells in concentrations high 
enough to inhibit tissue respiration, since a supply of energy for glyceride 
synthesis or for maintaining the fatty acids in the phosphorylated form 
required, according to Lehninger,^^ for their oxidation, may be cut off. 
This speculation is intended to emphasize the point that there is as yet 
little detailed evidence illustrating the exact effects of anoxia on tissue 
respiration. 

In the terminal stages of hemorrhagic shock in the rat, the iBinal col¬ 
lapse of the animal is heralded by a well-defined series of respiratory 
changes which suggest that there might be a serious disturbance in 
the central nervous system.^^ Our studies on the metabolism of brain 
tissue slices,^® as well as the observations of Drabkin and his colleagues®® 
on minced brain tissue from animals in shock, yielded no evidence that 
the brain as a whole had been subjected to any considerable degree 
of anoxia before the terminal collapse took place. The methods are, 
of course, crude, and they cannot detect changes in small regions of 
the brain. The speed of the final collapse, taken together with the fact 
that an animal will survive if the transfusion is large enough®® suggests 
that there is no cumulative defect in brain metabolism due to continuing 
relative anoxia during shock. It may simply be that one or two vital 
centers of the brain need only be deprived of their blood and oxygen 
supply for a relatively brief period. Tlie problem of immediate survival 
is, therefore, still one of maintaining the blood pressure and oxygen 
supply adequate, in order to prevent these terminal changes in the cen¬ 
tral nervous system. 

There is, by now, general agreement that the metabolic changes associ¬ 
ated with severe hemorrhage are the result of prolonged and progressive 
tissue anoxia. One of the valuable results of the metabolic studies 
may be to emphasize the point that even after recovery from shock, a 
considerable amount of repair must take place, particularly in the liver 
and the kidney, before the organism can resume the normal course of 
general recovery. Van Slyke and his colleagues®^ have, in fact, shown that 
after several renal anoxia, there may not be time for adequate tissue repair 
to take place before the patient dies of uremia. The liver presents an even 
more serious problem, since some degree of recovery must be brought about 
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if the production of vasodilator material is to be stopped and its removal 
facilitated. The importance of maintaining the liver in good condi¬ 
tion is illustrated by the ingenious cross-circulation experiments of 
Fine and his co-workers.'*^ Hypotension is induced in dogs by bleeding 
them out into a pressure bottle, and is maintained to the point at which 
returning all of the blood lost does not bring about survival. If the 
liver is perfused with blood from a donor dog during the period of 
hypotension, all the animals survive. A similar perfusion through the 
peripheral vessels is without effect on the survival rate. These exper¬ 
iments in prevention of liver damage, after hemorrhage, illustrate how im¬ 
portant it may be to bring about recovery of the liver as soon as possible. 

For this reason, we have undertaken some studies on the ability of 
the liver to resist, and to recover from, anoxia.®®* ®^ The preparation 
used was the partially eviscerated rat, with the hepatic blood supply pro- 



Figurb 13. Effect of hepatic anoxia in vivo on the respiration of rat liver slices tn vitro. 
Grosses: control obbervations on liver slices from operated animals. Solid circles: samplcb 
from livers v^ith hepatic ai'tery clamped for 0 to 120 minutes. Hollow circles: bomples taken 
two hours after restoring circulation to the liver following 16, 30, 60, or 120 minutes of hepatic 
anoxia. Small figures are number of observations. Vertical bars equal standard error of the 
mean (cf.^s). 


vided only by the hepatic artery. The rate of oxygen intake of slices of 
the liver tissue was used as an indicator of tissue activity. The effects 
of anoxia were determined by clamping the artery and then releasing it 
for a two-hour period (figure 13). It was found that the hepatic 
arterial blood supply was capable of maintaining normal rates of respira¬ 
tion in the liver. This is in agreement with EngeFs observation’^® that this 
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preparation maintains a normal level of blood amino acids. In fasted 
rats, the liver respiration is sharply diminished after only short periods 
(15 to 30 minutes) of anoxia. The degree of recovery in 2 hours is 
inversely proportional to the duration of anoxia, and may be appreciable 
even after two hours of anoxia. That recovery of respiration may be 
accompanied by recovery in at least one other respect, may be seen from 
the experiment, described before,^® on the effects of hepatic anoxia on 
the ability of the liver to assimilate amino acids (figure 14). If the 
changes in blood amino nitrogen, after circulation through the liver is 
restored, are compared with the increases in blood amino nitrogen that 


10 


CHANGE IN etOOO AMINO NITROGEN (mg.% per hour) WITH TIME 

(hours) IN THE LIVER LESS RAT (white COlumns) AND IN THE RAT 
WITH HEPATIC ARTERIAL FLOW RESTORED AFTER CLAMPING(Wack) 

t5 30 45 




Figurb 14. Rate of increase of blood amino nitrogen following periods of Hepatic anoacia np 
120 minutes in lentrth (black columns), compared with the increases observed in the corre- 
spondinff times in Uie liverless rat. (Oaloulated from data presented in ^.) 
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occiir in the liverless animal at the same time, it is seen that even after 
two hours of anoxia the liver recovers, to some extent, its ability to 
remove amino acids from the blood. 

The liver in situ, therefore, appears to have a large native capacity 
for repair when its normal blood and oxygen supply are restored after a 
long period of anoxia. A natural question to ask, in this connection, is 
whether, if adequate blood flow and oxygen supply could be restored in 
animals in profound shock, the liver might not within reasonable time 
recover its capacity to destroy the vasodilator material that seems to 
play so critical a part in the terminal circulatory collapse of the animal. 
An intimation that this might indeed occur may be obtained from some 
observations of Sayers, Sayers and Long on the resuscitation of rats in 
the terminal stages of prolonged hemorrhagic shock.®^ In animals 
acclimatized at 84° F., transfusions of whole blood equal to 5 per cent 
of the body weight brought about survival in all of 7 instances, and 
transfusions of 0.9 per cent sodium chloride solution equal to 10 per cent 
of the body weight brought about survival in 4 out of 5 instances. 
Although more work is required before any certain conclusions can be 
drawn from these experiments, they suggest that, if the volume of cir¬ 
culating blood be made large enough to maintain blood pressure and 
blood flow at levels adequate to forestall irreversible changes in the 
central nervous system, enough time might be gained to allow the liver 
to recover from the effects of anoxia, and to set about reversing what at 
present seems to be an irreversible situation. 

To the students of circulatory dynamics, it may be a source of satis¬ 
faction that the students of metabolism should appeal to them for rescue 
from the metabolic consequences of hemorrhage. It is, however, a sign 
of the interdependence of these studies, and a token that, as more in¬ 
formation is gained on both sides in future experiments, a coherent and 
inclusive understanding of the physiology of hemorrhage will be attained. 
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CERTAIN ANATOMO-PATHOLOGIC ASPECTS OF 
HEMORRHAGE 

By Paul Klemperer 

Division of Pathology, Laboratories of The Mount Sinai Hospital, New York, N. Y. 

The pathologist, primarily concerned with alteration of structure in 
disease, approaches the problem of hemorrhage with the chief question, 
“Where and how does blood escape from the closed channels of the cir¬ 
culation?” While he is aware of the significance of hemostasis for the 
arrest of hemorrhage, he realizes that this complex phenomenon depends 
primarily upon chemical and physical factors and that for its investiga¬ 
tion physiologic rather than anatomic methods are appropriate. Yet, 
he will not neglect to search for morphologic evidence which might 
account for a disturbance in the mechanism of hemostasis. 

Massive, mostly exsanguinating hemorrhages, commonly of sudden 
onset, are generally revealed at autopsy to be the result of perforation 
of the heart or of rupture of arterial or venous branches. The causative 
role of physical injury hardly deserves further mention, except for the 
reference that indirect trauma (thorax compression) may cause such 
disruption even without the evidence of external injury. It might also 
be mentioned that even large perforations of the aorta need not cause 
death but may heal with the formation of a false aneurism. Among the 
morbid states responsible for the perforation of the heart, acute 
myomalacia due to coronary occlusion is almost the exclusive cause. 
Exceptional cases of gumma or abscess of the myocardium with perfora¬ 
tion have been reported. Rupture of the aorta or the main arteries are 
due either to intrinsic alterations of the wall such as syphilitic mesaortitis, 
or medianecrosis of the aorta, or to atherosclerosis. Perforation of 
smaller arteries occurs in periarteritis nodosa, mycotic aneurysms due to 
infected emboli or to a primary structural weakness of the wall. Per¬ 
foration of varicose veins such as the dilated esophageal veins, in con¬ 
ditions of embarrassed portal circulation, is frequently the source of 
fatal hemorrhage. The erosion of arteries, less frequently of veins, due 
to adjacent suppuration or ulceration is responsible for massive and 
sudden hemorrhage. Summarizing the anatomic-pathologic experiences 
in these catastrophic hemorrhagic episodes, it can be stated that the site 
and mechanism of the blood extravasation is generally obvious and easily 
ascertained. 

The situation is different in hemorrhagic conditions characterized by 
multiplicity and small dimensions of the initial hemorrhages, which by 
fusion may become extensive. While their size points to blood extravasa¬ 
tion from small calibered vessels, the actual site and mechanism of the 
escape of blood is often not easily demonstrable. Rupture of small 
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arterioles due to intrinsic damage of their walls or to erosion undoubtedly 
occurs. Structural alteration of such vessels may also produce hemo¬ 
dynamic disturbances in the vascular bed distal to the affected portion 
of the arteriole, giving rise to stasis and even hemorrhagic infarction of 
the area supplied. The histologic study of petechiae and ecchymoses in 
acute bacterial infections such as in meningococcemia, streptococcemia 
(subacute bacterial endocarditis), and also in Rickettsial diseases, affords 
the opportunity of recognizing the complicated mechanism by which 
arteriolar damage provokes hemorrhagic phenomena. 

The escape of blood from capillaries will obviously cause minute 
hemorrhages. It should be kept in mind, however, that purpuric spots 
are not always due to actual blood extravasation but may be the result 
of maximal dilatation of capillaries. The differentiation can only be 
made by histologic examination. Hemorrhage from capillaries may be 
the result either of rupture or of diapedesis of red cells. Changes in the 
capillary wall causing fragility, or increased hydrostatic pressure, are 
assumed to cause rupture, while diapedesis implies the migration of 
erythrocytes through intact capillary w^ls. The histologic differentiation 
between these two mechanisms of blood extravasation is extremely 
difficult. The apparent simplicity of the structure of the capillary wall 
has deluded investigators into a belief that alterations could be easily 
ascertained. However, its integrity often cannot be determined by the 
conventional methods of histology. Moreover, investigation of recent 
years have revealed details of its intricate structure which have not yet 
found sufficient consideration in the microscopic study of morbid con¬ 
ditions associated with hemorrhagic manifestations. 

It is universally accepted that the internal layer of the capillary wall 
is formed by continuously disposed endothelial cells. In recent years, 
it has been found that the endothelial cells have strong alkaline phos¬ 
phatase activity. The other constituents of the capillary wall are the 
intercellular cement substance and an external basement membrane 
reinforced by a fibrillar network.^ The latter component of the capillary 
wall seems to be closely related to the intercellular substance of the con¬ 
nective tissue, being composed of a homogeneous ground substance and 
fibers. The pericapillary cells do not form an integral part of the 
capillary wall engaged in its structural resistance and need not be con¬ 
sidered. Some consideration, however, should be given to the elastic 
tissue in the immediate vicinity, because according to Peck, Rosenthal, 
and Erf® it exerts a cushioning effect and may protect the capillary wall 
in case of increased intracapillary pressure. 

The integrity of the capillary wall may be affected by alterations in 
the endothelial cells, the intercellular cement substance, or the external 
basement membrane. In anatomic investigations of hemorrhagic con¬ 
ditions, these three components of the vascular wall should be submitted 
to microscopic scrutiny, in order to ascertain the site and mechanism of 
the blood extravasation. Unfortunately, adequate studies are very 
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fragmentary, and the contribution of anatomic pathology to the problem 
of purpura is moie conjcctuial than objective. 

Unequivocal degenerative changes of the capillaiy endothelial cells 
are difficult to demonstrate, and the rather frequent statements in the 
literature about endothelial damage should be accepted with considerable 
reserve. Actual capillary damage initiated by endothelial injury can be 
demonstrated in the renal glomeruli is streptococcic infections and is 
considered as an adequate reason for the frequent hematuiia. But the 
generalized hemorrhagic purpura in bacterial infections is most fre¬ 
quently the result of bacterial emboli in arterioles. Inadequate composi¬ 
tion of the intercellular matrix of the supporting tissues has been 
established as the pathogenetic principle in human and experimental 
scurvy. By analogy, a similar structural defect of the basement membrane 
of capillaries has been postulated but not yet definitely demonstrated by 
histologic investigation.® Nevertheless, the experimental evidence of 
endothelial proliferation in scurvy and the subsidence of capillary 
fragility after vitamin C administration strongly support the hypothesis 
that a defect of the basement membrane and not of the endothelial cells 
is responsible for the hemorrhagic tendency in scurvy. Yet, a possible 
role of an endothelial alteration in the vascular damage still awaits 
further clarification, since recent investigations by Danielli, Fox, and 
Kodicek^ have shown that alkaline phosphatase is strikingly decreased 
in the regenerating connective tissues of scorbutic guinea pigs. 

Acute disseminated lupus erythematosus not infrequently presents 
symptoms of a hemorrhagic diathesis, evidenced by cutaneous and renal 
hemorrhages. Damage of the capillary basement membrane has been 
demonstrated as part of the systemic alteration of the connective tissues 
characteristic of this disease. The associated thrombocytopenia can be 
considered as of additional significance. 

A critical review of the pathogenesis of the hemorrhagic manifestations 
in the conditions discussed so far, indicates that the escape of blood can 
be attributed to an actual alteration of the terminal branches of the 
circulation. An inquiry into the role of vascular fragility in the primary 
or secondary thrombocytopenic purpuras, however, leveals that our 
knowledge regarding the morphologic integiity or deficiency of tlic 
peripheral vascular bed is highly inadequate. Recent textbooks by 
Wintrobe® and Kracke® refer to defects in the vascular endothelium 
and to increased capillary permeability as fundamental factors which, 
in association with thrombocytopenia, are responsible for the hemor¬ 
rhagic manifestation. However, there is hardly an unequivocal his¬ 
tologic evidence of capillary lesions which would support such a 
contention. 

Bedson*^ believed in a toxic action of blood platelet antiserum on the 
endothelium of vessels evidenced by a “swollen and edematous condition 
of the endothelial cells.” Tocantins and Stewart,® on the other hand, 
were not impressed by histologic evidence of vascular damage as a factor 
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in the mechanism of hemorrhage in experimental thrombopenic purpura. 
Peck, Rosenthal, and Erf,^ in their histologic investigations of purpura in 
man, found fragmentation and diminution of the elastic tissue, but no 
constant lesions of the capillary wall proper. It is obvious that these 
conflicting and fragmentary observations are inconclusive as to the 
significance of capillary alteration for the blood extravasation. Added 
histologic investigations of petechiae, using the recent techniques of 
phosphatase activity determination for the endothelial cells, as well as 
special attention to the basement membrane of the capillaries are urgently 
needed. In only one variety of thrombocytopenic purpura, has histologic 
examination revealed features which explain the mechanism of the blood 
extravasation. The rare instances of febrile anemia with thrombocyto¬ 
penic purpura®’ present generalized platelet thrombi within arterioles 
and precapillaries. The occlusion of the terminal arterial ramifications is 
associated with diapedesis of red cells from the dilated venous capillaries 
and venules. Clinical and histologic examination, however, have not yet 
been able to clarify the pathogenetic factors responsible for the precipita¬ 
tion of platelets within the vascular lumen. An endothelial damage has 
been considered but not unequivocally demonstrated. This problem, too, 
must await further elucidation. 

It is obvious that in this short presentation of certain aspects of hemor¬ 
rhage no complete survey of the problem, as it concerns the pathologic 
anatomist could be attempted. Many conditions, such as the allergic, 
endocrinal, and metabolic purpuras were completely omitted, others 
only indirectly referred to. The object of the essay, as indicated in the 
introduction, was only to discuss the site and mechanism of blood 
extravasation as revealed by anatomic investigation. A review of the 
available data indicates that massive hemorrhage has been adequately 
accounted for by this method, whereas the minute blood extravasation 
characteristic of the various clinical forms of purpura still requires fur¬ 
ther morphologic study. 
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DISCUSSION OF THE PAPER 

Dr. M. Volterra {The Mount Sinai Hospital^ New York^ N, 7.): 

I wish to thank Dr. Klemperer for acknowledging my work of 1927 oii 
the structure of the capillary wall. Since that time, I have emphasized the 
importance of the reticular adventitia, or basal membrane, in relation 
to the resistance of blood capillaries. I do not think that damage to the 
endothelial cells is a primary cause of capillary fragility. It is a pity 
that more attention has not been paid, by the pathologist, to possible 
alteration of the basal membrane of the small vessels in cases of purpura. 
The failure is probably due, as Dr. Klemperer has pointed out, to the 
fact that the technique for the study of those structures is very difficult. 
I would like to add that the majority of the silver impregnation methods 
used to that end, do not show the thin layer of amorphous substance 
which, normally, is present between the meshes of the fibrillar net and 
forms a continuous surface externally to the endothelium. Drs. Rosenthal 
and Peck have, in the past, referred to possible alteration in the elasticity 
of the small vessels. Blood capillaries do not have elastic connective 
tissue fibers around the outside walls, the elasticity being a property of 
the reticular fibers of the capillary basal membrane. 



HEMORRHAGIC MANIFESTATIONS OF BACTERIAL 
AND VIRUS INFECTIONS: EXPERIMENTAL STUDIES 
AND PATHOLOGICAL INTERPRETATIONS 


By Gregory Shwartzman and I. E. Gerber 
Division of Bacteriology^ Laboratories of the Mount Sinai Hospital, New York, N. Y. 

During recent years, there has accumulated a considerable amoimt of ex¬ 
perimental work on various aspects of the phenomenon of local tissue 
reactivity. The limited time allowed for this presentation does not permit 
adequate mentioning of the important contributions of many investiga¬ 
tors. A complete review of the literature up to 1937 will be found in a 
monograph on the subject.^ 

Here, an attempt will be made to point out some correlations of the 
studies on the phenomenon, with the localized and disseminated 
hemorrhagic manifestations superimposing or occurring incidentally to 
certain spontaneous and experimental bacterial and virus infections. 

Although the basic experimental observations are well known, it will be 
necessary to begin the presentation by a restatement of the initial experi¬ 
ment, as presented in table 1. It will certainly not be our objective 


Table 1 


Basic Experiment 

Local Preparation 


Elicitation 

Intradermal preparatory 


Intravenous provocative 

injection 


injection 

of 

24 

of 

active bacterial 

hours 

active bacterial 

filtrate 

later 

filtrate 

Reaction 


Four hours following intravenous injection; severe hemorrhagic necrosis at the 
site of the intradermal injection. 


to offer a comprehensive description of the various aspects of the 
phenomenon. We shall limit ourselves to an outline of the salient char¬ 
acteristics of the phenomenon which have to be kept in mind in connec¬ 
tion with the interpretations to follow later. 

The first salient feature to be taken up are the gross appearance and 
histological changes in the site of the reaction. 

Grossly, the striking feature of the phenomenon is a rapid and violent 
hemorrhagic necrosis with sharply demarcated borders at the prepared 
site following the intravenous provocative injection. Although the 
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characteristic lesion is clearly demarcated grossly^ there exists evidence 
that it is more extensive than it may appear at first inspection. The 
toxin injected intradermally is picked up by the lymphatics and thus 
conveyed to the regional lymph nodes. Following the intravenous pro¬ 
vocative injection, a reaction is obtained in these lymph nodes which 
is of the same character and severity as in the prepared skin site itself.^ 

The microscopic studies on the reaction in the skin and lymph-nodes 
(plate 3) confirm the gross observation that hemorrhagic necrosis is an 
event of primary importance in the phenomenon under consideration. 
Studies on the histology of the reaction in the skin sites at various time- 
intervals following the intravenous provocative injection, indicate that the 
tissue changes present themselves in the following order: 

There first ensues a marked degree of venous and capillary dilatation 
and engorgement. This is immediately followed by severe hemorrhage. 
Shortly thereafter, there occurs a striking degree of edema and intense 
leucocytic infiltration. At this time, many veins and capillaries are filled 
with thrombi consisting of platelets with enmeshed leucocytes, erythrocytes, 
and fibrin strands. The thrombi completely fill the lumens, while in larger 
vessels they are parietal. This picture is accompanied by large central 
areas of necrosis. 

■While the tissues surrounding the site of the reaction are histologically 
normal, yet certain macroscopically not detectable changes take place 
which express themselves in enhanced fragility of the capillaries, a mani¬ 
festation resembling closely the so-called capillary fragility observed in 
certain conditions of hemorrhagic diathesis. This is demonstrated as 
follows: 

Following the intravenous provocative injection when the local reaction 
is clearly demarcated and fully developed, the application of stimuli, 
such as suction, application of a clamp, pulling of hair, shaving, and the 
like brings about ^e appearance of petechiae in histologically normal 
adjacent tissues. 

When the phenomenon is elicited in rabbit’s ear by the combined intra- 
dermal injection into one ear and intravenous injection into another, 
portions of the ear not affected by the reaction frequently become cyanotic. 
It is worthy of special note that, in these sites, it is possible to detect, 
microscopically, thrombosis of the venules without any perivascular 
reaction. 

No significant blood alterations could be held responsible for the state 
of experimental hemorrhagic diathesis as shown by complete hemato¬ 
logical studies made on sixty-one normal and experimental male and 
female rabbits. No changes associated with the phenomenon could be 
observed in the bleeding, coagulation, clot retraction, and sedimentation 
times. Lcucopcnia and a drop in hemoglobin and erythrocyte count, 
encountered in some animals, had no relation to any phase of the 
phenomenon. Although the intravenous injection of meningococcus 
filtrate gave a marked decrease in the number of platelets, positive animals 
receiving other bacterial filtrates nevertheless showed normal counts. 



SHWARTZMAN & GERBER: HEMORRHAGE AND INFECTIONS 629 


Thus, it is possible to elicit, by means of certain bacterial filtrates and 
under certain conditions, a state of capillary fragility. The state is not 
expressed by morphological endothelial alterations, or by any blood 
changes; and yet, there occurs some profound functional disturbance 
which leads to a tendency to bleeding and capillary thrombosis. The 
state of experimental hemorrhagic diathesis described in connection with 
the phenomenon closely resembles certain hemorrhagic manifestations 
encountered at times during the course of bacterial and virus infections in 
man. Here, no consistent evidence is found of capillary damage or 
disturbance in the clotting mechanism, namely, the symptomatic hemor¬ 
rhagic diathesis. This relationship will be discussed later in greater detail. 

The second feature of the phenomenon concerns the routes for 
preparatory and provocative injections. In the basic experiment, the 
preparatory injection is made into the tissue, while the provocative injec¬ 
tion is only effective by way of the general circulation. In a later modifi¬ 
cation of the basic experiment, it was shown that the preparatory injec¬ 
tion could also be made by way of the general circulation. When one 
intravenous injection of an active bacterial filtrate was followed, twenty- 
four hours later, by a second intravenous injection of an active filtrate, 
typical lesions of the phenomenon were obtained in the internal organs, 
the most striking ones being revealed in the kidneys. This manifestation 
was termed “general phenomenon” of tissue reactivity. 

The view is generally accepted, based on unequivocal evidence, that 
the phenomenon under discussion is not anaphylactic in nature, namely, 
that the state of preparation resulting from the intradermal injection of 
the filtrate docs not represent an anaphylactic sensitization. It is certainly 
impossible to discuss the evidence within the space allowed for this 
paper. It may be mentioned, however, that this realization, early in 
the work, led to the detection of the non-specificity of the phenomenon, a 
fact which, as it will be pointed out later, represents a feature useful in 
the interpretation of certain clinical processes. 

The non-specificity of the phenomenon is illustrated in table 2. With 
this observation as a basis, obviously a great variety of bacterial and 
non-baclcrial factors were examined for their ability to produce the 
phenomenon. In this manner, some relationships (presented in tables 

Table 2 



Non-Specificity of Phenomenon of Local Tissue Reactivity 
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3 and 4) came to light. Although appearing rather intricate^ the rela¬ 
tionships are clearly demonstrated if the essential criteria for recognition 
of the phenomenon are kept in mind, namely: the type of lesion, speed 
of its appearance, the necessity to give the provocative injection by way of 
the general circulation and the short incubation period necessary for 
obtaining the state of preparation. 


Table 3 

Factors Capable of Eugitino the Phenomenon 


Local preparatory injection 

Intravenous provocative 
injection 

Reaction 

Non-bacterial, irritating inflammatory and 
toxic substances 

Active bacterial filtrate 

Negative 

Active bacterial filtrate 

Active bacterial filtrate 

Positive 

Vaccinia virus infection 

Active bacterial filtrate 

Positive 

Local bacterial infection: 

B. anthracis^ B. tuberculosis, Streptoc. 
hemolyticus, Pneumococcus friedldnderi, 
H. influenzae, etc. 

Active bacterial filtrate 

Positive 


In TABLE 3, there are indicated the agents which are capable of inducing 
the necessary state of reactivity. Obviously, the ability is strictly limited 
to bacteria and their products and vaccinia virus. Conversely, as may 
been seen from table 4, the group of agents capable of provoking the reac¬ 
tion in the prepared sites includes, in addition to bacterial products, cer¬ 
tain other substances and antigen-antibody complexes. The typical exper¬ 
iment for elicitation of the reaction to the complex of an animal protein 
antigen with actively acquired antibodies is given in table 5. When 
considered together, the features just described (summarized in table 6) 
suggest certain pathological and clinical interpretations, to be discussed 
here at length. 

As previously noted, the phenomenon of tissue reactivity may be pro 
duced in the internal organs of rabbits under certain conditions, namely 

Table 4 

Factors Capable of Elicittno the Phenomenon 


Local preparatory injection 

Intravenous provocative injection 

Reaction 

Animal and plant proteins, 
agar, starch, and glycogen 

Active bacterial filtrate 

Negative 

Active bacterial filtrate 

Agar, starch* 

Irregular 

Active bacterial filtrate 

Horse serum 

Negative 

Positive 

Active bacterial filtrate 

Horse serum—^rabbit anti-horse serum 
(in vitro mnrture) 

Active bacterial filtrate 

Horse serum injected intravenously 
into rabbit previously sensitized by 
horse serum 

Positive 


• Bier & do Amaral > recently reported that they could successfully provoke the phenomenon 
in skin sites prepared with a meningococcus culture filtrate by means of the intravenous 
injection of glycogen. The substance was, however, inefifective as a preparatory agent. 
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Table 5 

Effect of Antigen-Antibody Complexes upon Tissues Prepared with 
Bacterial Products 


(1) Rabbit sensitized with horse serum by a single injection by any route. 

(2) One week later, active bacterial filtrate is injected intradermally. 

(3) Twenty-four hours later, horse serum is injected intravenously. 

Reaction: 

Four hours later, there appears typical hemorrhagic necrosis at the site prepared 
by the intradennal injection of bacterial filtrate. 


Table 6 

Summary: Factors Capable of Eliciting the Position of Local Tissue 

Reactivity 


Local state of preparation 

Elicitation 

Certain 

Active homologous and 
heterologous 

bacterial products 

bacterial products; 

and 

antigen-antibody 

bacterial and virus 

complexes 

infections 

and 


live bacteria 


by two intravenous injections of bacterial filtrates at an interval of 
twenty-four hours. Similarly, viable bacteria may be used as a preparatory 
factor. In such instances, a single intravenous injection of 3 cc. of an 
eightcen-hour-old 0.3% glucose broth culture of Streptococcus viridans 
is followed, forty-eight or seventy-two hours later, by an intravenous in¬ 
jection of meningococcus or other potent bacterial filtrate. The visceral 
lesions produced are similar, irrespective of whether viable bacteria or 
bacterial filtrates are used as preparatory factors. These consist, in the 
main, of renal lesions of variable character and extent, such as focal 
glomerular capillary thrombi, often with associated glomerular hemor¬ 
rhages, tubular necrosis, and focal or extensive cortical necrosis with 
marked vascular involvement and massive hemorrhage. Simultaneously, 
mural vascular thrombi are seen in the liver, spleen, bone marrow, and 
lungs, and occasionally adrenal necrosis is observed.'* 

Quite comparable lesions have been noted in the kidneys of horses 
repeatedly injected with meningococcus filtrates for the production of 
immune sera, and in spontaneous hog cholera and swine erysipelas. Sim¬ 
ilar vascular alterations are encountered in man, often in association with 
hemorrhagic manifestations, the so-called purpuras of infectious origin. 
Such hemorrhagic manifestations have usu^ly been ascribed to capillary 
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injury, said to arise during the course of a bacterial or virus infection, 
although significant histological evidence of such injury is lacking. 

It seems possible to interpret the abovementioned pathological altera¬ 
tions on the basis of the phenomenon of tissue reactivity. For example, 
in meningococcemia, the bacteria are often demonstrable on direct smear 
or culture of the purpuric lesion. It is likely that the bacteria at the 
local site prepare the tissues and that the hemorrhagic reaction is then 
elicited by the meningococcus toxins which circulate in the blood stream. 
Such hemorrhages may at times be massive and are often accompanied 
by tissue necrosis. The well-known hemorrhagic and destructive adrenal 
lesion seen in meningococcus infection, producing the Waterhouse- 
Friderichsen syndrome, may also be accounted for by this mechanism. 
The above conclusions are supported by the direct evidence that the 
phenomenon under discussion may be encountered in man. 

There are many cases on record of sudden death following intravenous 
injections of typhoid vaccine. The most recent ones, namely, those 
reported by Urbach, Goldburgh, and Gottlieb® and by Love and Driscoll® 
were carefully examined by the authors, in order to determine their 
relation to the phenomenon of local tissue reactivity. Thus, in the first 
case the following events took place: 

For non-specific therapy, the patient received an intramuscular and 
30 minutes later an intravenous injection of 10 and 50 million typhoid 
bacilli, respectively. No reaction occurred. Twenty-four and forty-eight 
hours later, the same injections were repeated. The last injection was 
followed, six hours later, by a severe reaction and death. Post-mortem 
examination revealed numerous purpuric spots of the skin, pericardium, 
endocardiiun, and liver surface. Kidneys were studded with hemor¬ 
rhagic areas, and the lungs were acutely congested, showing localized 
hemorrhagic lesions on subpleural surfaces. Histologically, there was 
tubular necrosis of the kidneys, acute pulmonary congestion, hemorrhage 
in the adrenals, and acute hepatic necrosis. There was nothing in the 
history of the patient to suggest any purpuric tendency. The second 
case (Love and Driscoll’s) was similar. The conditions under which the 
reactions were obtained were clearly those of the general phenomenon 
already mentioned, in which both preparatory and provocative injections 
are given intravenously. These cases are accidental but clear-cut demon¬ 
strations of the phenomenon in man, indicating that the experimental 
basis set forth in laboratory animals is justifiably applicable to clinical 
interpretations. 

There is also certain indirect evidence that toxins which are capable 
of producing the phenomenon of tissue reactivity in animals may be 
responsible for the pathologic alterations just described. For example, 
meningococcus toxins capable of producing the phenomenon in rabbits 
may be neutralized by the antibodies which develop in man during the 
course of the disease, as shown by Powell and Jamieson*^ and by Klein.® 
Stolyhwo® also showed that principles capable of producing the phe- 
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nomenon in animals may be isolated from the urine of highly toxic cases 
of typhoid fever. 

It has already been mentioned that the state of local and general 
reactivity is observed not only following the injection of bacterial 
products, but also in actively infected tissues. In the experiments dealing 
with the local tissue preparation, live bacterial suspensions were injected 
intradcrmally. After various intervals of time when the local lesion 
showed no hemorrhagic necrosis, bacterial products or live microorgan¬ 
isms were injected intravenously. Severe hemorrhagic lesions appeared 
in the infected sites. 

In the studies of Gratia and Linz,^® Bordet,Witebsky and Neter,^^ 
Cohen and Moolten,^® and in my own investigations,^ the infecting 
organisms were Bacillus anthracis. Bacillus jriedldnderiy Pneumococcus, 
Streptococcus hemolyticus and viridans. Hemophilus influenzae, gram¬ 
negative anaerobes isolated from pulmonary abscess of man, and Bacillus 
tuberculosis, strain BCG. The latter organism was especially suitable for 
these studies, since it produces a low-grade, slowly developing lesion 
The significant fact in this connection is that the state of preparation 
which exists only for some twenty-four hours when filtrates are used, may 
persist for several weeks in BCG-infected sites. 

Obviously, these observations serve to demonstrate the effect exercised 
by a bacterial invasion of the blood, or by toxemia, upon the course of 
local infections. They also suggest the pathogenesis of sudden trans¬ 
formations of mildly inflammatory reactions into hemorrhagic and 
necrotic lesions seen in such infections as appendicitis, pancreatitis, and 
possibly hemorrhagic gastritis.^^ The hemorrhagic manifestations in 
tuberculous lesions following intcrcurrent infections also seem to belong 
to this category. The hemorrhagic forms of smallpox are of special 
interest here. As is well known, there are two clinical hemorrhagic forms 
of the disease. Both arc almost always associated with a bacterial 
septicemia, especially Streptococcus hemolyticus. The hemorrhages may 
diffuse into the corium preceding the visible eruption, or, at a later stage, 
localize in the pustules. Both forms of hemorrhage may be readily pro¬ 
duced experimentally. Thus, in the experiments of Gratia and Linz,^® 
vaccinia virus was rubbed into the skin of a rabbit. Forty-eight hours 
later, before any eruption occurred, the intravenous injection of an active 
bacterial filtrate transformed a slight erythema into a severely hemor¬ 
rhagic and necrotic lesion. Curiously, the lesion changed in this manner 
went on to healing without developing into a pustule. In another group 
of experiments the virus was injected intratesticularly, followed, forty- 
eight hours later, by the intravenous injection of the active bacterial 
filtrate. Four to twenty-four hours later, the transformation of the 
vaccinia lesion of the testicle was extremely pronounced. The testicle 
showed a violent hemorrhagic reaction, extending along the epididymis 
and spermatic cord. The peritoneal cavity was frequently filled with 
blood. Lymph nodes, bladder, and intestines were severely hemorrhagic. 
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Plates 4 and 5 illustrate the histological changes taking place in the 
testicles, as confirmed by Koplik in this laboratory. 

These observations on combined effect of a virus and bacterial invader 
or its products are consistent with the growing belief that some specific 
clinical entities may be caused by the concerted effect of two biologically 
unrelated etiological agents. In human spontaneous influenza, in Shope’s 
experimental studies on swine influenza, and in human influenza virus 
in mice,^® the secondary bacterial infection contributes to the variable 
pathology of the lungs. The modifications of virus-produced lesions by 
means of the bacterial agents are complex and not sufficiently clear. It 
seems, however, that at least in some forms, the pulmonary hemorrhagic 
manifestations are conspicuous. In 1937, Watjen examined 57 fatal 
cases.^® Confirming well-known previous studies of McGallum, Good- 
pasture, and many others, he found that widespread hemorrhagic involve¬ 
ment was a conspicuous feature in lungs yielding Streptococcus hemo- 
lyticus. Thus, there is suggestive evidence that the pathogenesis des¬ 
cribed in connection with hemorrhagic vaccinia infection may also be 
operative in influenza. Experimental studies in this direction are in 
progress. 

As previously emphasized, tissues prepared by live organisms or 
bacterial products respond with a severe hemorrhage not only to intra¬ 
venous injection of bacterial products but to the complexes of unrelated 
proteins and specific antibodies. Histologically, this reaction is identical 
with the one already described in the basic experiment. The experiments 
demonstrate a relationship between bacterial infections and anaphylactic 
sensitization to non-bacteiial proteins. Accordingly, it may be expected 
that an anaphylactic reaction may be significantly modified by an inter¬ 
current infection. Thus, the local anaphylaxis, the Arthus phenomenon 
in man, usually runs a mild course. As seen from a report on a very 
large number of cases by Lucas and Gay,^’’^ a protein injection into the 
skin of a patient sensitized to the protein, results in most cases in edema 
and infiltration. The reaction may, however, appear extremely severe 
when elicited in a patient suffering from some infectious disease. In the 
cases of Irish and Reynolds^® and of Kohn, McCabe, and Brem,^® the 
reactions were violent, resulting in extensive hemorrhage and necrosis 
over a large area of the buttocks. There were clear-cut indications of 
intercurrent distant infections in these cases, otitis media and mem¬ 
braneous pharyngitis, respectively. The local lesion was sterile on re¬ 
peated cultures. 

To the same category may belong the so-called “hetero-allergic flare- 
up” of dormant infections elicited by tiie injection of non-bacterial 
antigens into allergic individuals. E^eiimentally, Dienes®® produced 
severe hemorrhagic lesions in tuberculous foci by the injection of egg 
albumen into guinea pigs previously sensitized by this antigen. Local 
hemorrhagic-necrotic skin reactions infrequently seen in allergic indi¬ 
viduals in association with bacterial infections also deserve consideration 
from this point of view (Harkavy and Romanoff®^). 
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Thus, it appears that the phenomena of local and general reactivity 
permit the interpretation of certain pathological sequellae of human 
bacterial and virus infections as the result of tissue reactivity to the 
infecting agents or their toxins produced in vivo in the course of active 
infection. These pathological alterations are manifested as local or 
general hemorrhages, vascular thrombi and necrosis, and occasionally as 
tissue necrosis. The factors which predispose to the occurrence of these 
changes in any given case are not completely known and are undoubtedly 
quite variable, since there are wide variations in individual response, in 
the phenomenon-producing properties of bacterial strains, and in the 
conditions under which elicitation of the phenomenon may be obtained. 

The interpretations given may be variously evaluated, being considered 
conclusive in some instances and only suggestive in others. A certain 
general conclusion seems, however, to be of greater significance. The 
concept of mono-etiology dominates our approach to investigations of 
infectious syndromes. It seems that sufficient evidence has been accumu¬ 
lated to point out the importance of investigating the possibility that 
some diseases may be caused by the combined effects of plural etiological 
agents, biologically remote from one another, as viruses and bacteria, or 
bacteria and complexes of non-bactcrial protein antigens with specific 
antibodies. The synergism of these agents, under suitable conditions, 
may thus result in characteristic manifestations altogether different from 
the effects of each agent acting independently. 
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DISCUSSION OF THE PAPER 

Dr. Glenn H. Algire [National Cancer Institute, Bethesda^ Maryland): 

Will you discuss the chemical nature of the active agent in bacterial 

filtrates, in view of the divergent views as to its protein or polysaccharide 

composition? 

Also, do you have an explanation for the fact that a preparatory dose 
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of bacterial filtrate is not needed to elicit hemorrhage and necrosis in 
certain transplanted tumors? 

As to the vascular mechanism of the reaction to injection of bacterial 
filtrates, I should like to mention some in vivo observations made on 
transplanted sarcomas growing in transparent chambers inserted into 
mice. While some vessels show engorgement, as mentioned by Dr. 
Shwartzman, the overall picture, based on observation and quantitative 
measurements of the vascular bed, is one of vascular occlusion. This 
decreased capillary blood supply led, in tumors, to hemorrhage at the 
end of four hours after intraperitoneal injection of the bacterial filtrate. 
Capillaries in a normal tissue (striated muscle) showed a similar de¬ 
crease in functional vessels and occlusion of many channels, but hemor¬ 
rhage did not occur. 

Dr. Gregory Shwartzman: 

Shear and co-workers identified a polysaccharide in a concentrate of 
Serratia marcescens (Bacillus prodigiosus) filtrate. Since the active prin¬ 
ciple resisted tryptic digestion, the authors ascribed the potency to the 
polysaccharide. Nevertheless, the evidence supplied by other investiga¬ 
tors, including my own, favors the assumption that the active principle 
is protein in^ nature, possibly associated with a polysaccharide. There 
are many protein antigens which are resistant to tryptic digestion. As 
a matter of fact, the trypsin failed to induce any measurable alteration 
in the antigenicity of the material prepared by Shear, as demonstrated 
by the ability of the material to stimulate production of precipitating 
and neutralizing antibodies in rabbits. The antibodies reacted with the 
concentrate as well as with the parent filtrates which served for prepara¬ 
tion of the concentrates. 

It was shown by many investigators that the phenomenon-producing 
principles are closely related to, or identical with, the factors capable of 
inducing hemorrhage and necrosis in tumors. The state of reactivity of 
the phenomenon in the rabbit, which results from a preparatory injec¬ 
tion, apparently exists spontaneously in the tumor tissue. No certain 
explanation exists for this fact. The assumption which has been voiced 
but not proved is that the etiological agent of the tumor is capable of 
inducing the necessary state of reactivity. 

Dr. Algire*s observations, made by means of the transparent-chamber 
method developed by him, are very interesting. It is important to extend 
the studies to the phenomenon in the rabbit. Histological observations 
on the reaction indicate that hemorrhage is a sudden event which begins 
to take place in a few minutes following the injection of the provocative 
factors. The vascular occlusion is not the direct cause of hemorrhage. 
Dr. Algire’s observations indeed support this contention, inasmuch as 
the vascular occlusion occurring in noimal tissue, as he just mentioned, 
fails to induce the hemorrhage. A state of capillary vulnerability in the 
reactive tissues appears to be of primary significance. 
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Plate 3 

Rabbit was prepared by injection into the skin of the abdomen of 0 25 cc. of 
diluted 1:2 filtrate of “agar washings” of meningococcus, strain 44 B. Twenty- 
four hours later, the rabbit received intravenously 1 cc. per kgm. of body weight 
of the same filtrate diluted 1:25. Figure 1 (x 22) and Figure 2 (x 100) show 
sections of lymph node in the vicinity of a severe local skin reaction, four hours 
following intravenous injection of the filtrate Note severe hemorrhagic necrosis 
in Figure 1. Figure 2 demonstrates engorged venules with mural thrombi and 
extensive hemorrhage into lymphatic sinusoid. 
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ABNORMAL HEMORRHAGE WITH NORMAL 
PLATELET COUNT AND NORMAL CLOTTING 

By Russell L. Haden, R. H. SghneideRj and Lee C. Underwood 
Cleveland Clinic, Cleveland, Ohio 

A patient who bleeds without apparent cause^ or excessively from a 
minor injury, has hemorrhagic disease, for which there are numerous 
possible causes. The clinician must make a correct differential diagnosis 
if proper treatment is to be carried out. 

Hemorrhage may occur in the skin and subcutaneous tissues, from 
mucous membranes, from point of trauma and into body cavities or joints. 
Red cells should not pass the endothelial barrier of an intact vessel. If 
a vessel wall is injured, a clot normally should be quickly formed and an 
abnormal loss of blood prevented. 

Abnormal hemorrhage can occur only when (1) the permeability of 
the vessel wall is increased or (2) the clotting mechanism is disturbed. 
Increased permeability of the vascular endothelium allows blood to escape 
from the capillaries. This is the most important factor in clinical hemor¬ 
rhagic disease. 

Table 1 

Glassification of Hemorrhagic Disease (527 Patients) 


Hemorrhagic Disease with Decreased Platelets or Abnormal Clotting Factors 

(A) Purpura due to thrombocytopenia (primary and secondary) 98 

(B) HemophUia 22 

Total 120 


Hemorrhagic Disease with Normal Platelet Count and Clotting Factors 


(A) Purpura without thrombocytopenia 105 

(B) Congenital thrombasthenia 3 

(C) Abnormal gross bleeding without cause 247 

(D) Miscellaneous 52 

Total 407 


Five hundred and twenty-seven patients (table 1) with abnormal 
hemorrhage, seen at Cleveland Clinic during the past few years, were 
analyzed. Each patient had a thorough laboratory study from the stand¬ 
point of hemorrhagic disease as well as a complete history and clinical 
examination. Less than one-fourth (120 patients) had any significant 
alteration in platelets or clotting factors. Over three-founhs bled ab¬ 
normally without reduction of platelets below the critical level, and with¬ 
out significant change in coagulation. In every patient, the abnormal 
hemorrhage was an important part of the clinical problem and usually 

( 641 ) 
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the presenting complaint. Many patients had gross bleeding. Menor¬ 
rhagia for which no local or glandular cause could be found was a fre¬ 
quent reason for making a special examination for hemorrhagic disease. 
Gross bleeding from the genito-urinary tract without a demonstrable 
local lesion, abnormal blood loss from a wound after an operative pro¬ 
cedure, nasal hemorrhage, generalized subcutaneous ecchymoses, retinal 
hemorrhages are all examples of excessive bleeding of which a special 
study was made. In other cases, purpura was the presenting symptom. 

We have a uniform method of examination when a patient presents 
himself at the laboratory with abnormal hemorrhage. This examination 
consists of: 

(1) A routine blood coimt, hematocrit reading, and examination of a 
stained film. 

(2) Coagulation time by the Lee-White method. Normal blood coagu¬ 
lates by this method in five to eight minutes. Coagulation time of over 
ten minutes is abnormal. 

(3) Platelet count, using the Rees-Ecker technique. A normal count 
should be 250,000 to 300,000. A count below 200,000 is definitely re¬ 
duced, although not sufficiently so to produce bleeding. 

(4) Bleeding time by the methods of Duke or Ivy. 

(5) Test for clot retraction. 

(6) Special tests, as determination of fibrinogen or the clotting time 
of recalcdfied plasma, if indicated. 

In the clinical examination, a positive tourniquet (Lecde-Rumpel) 
test is often present, though not to such a marked degree as is constantly 
found in thrombocytopenic purpura. In making this test, Quick^ suggests 
that a blood pressure cuff be placed on the upper arm and the pressure 
maintained midway between systolic and diastolic pressure for eight 
minutes. A circle 5 cm. in disimeter is drawn on the flexor surface of the 
forearm with the center 4 cm. below the bend of the elbow. After fifteen 
minutes the petechial spots in the circle which are visible to the naked eye 
are coimted. The upper limit of normal is +10 petechial spots. 

In this large group of patients who bled abnormally without signif¬ 
icantly reduced platelets or abnormal clotting, the primary fault is above 
all an increased permeability of the endotheliiun lining the capillaries. 
The vascular permeability is increased because the endothelial lining is 
injured. The damage may be to endothelial cells, to the cement which 
binds the endothelial cells together, or a combination of the two factors. 
This injury may occur in a number of different ways: 

Infection. Many infections are associated with abnormal hemorrhage 
seemingly due to damage to endothelial cells by the soluble toxins pro¬ 
duced by the infecting organism. At the onset of meningococcus meningi¬ 
tis or typhus fever, for example, purpura nearly always occurs. Almost 
any serious infection may, at times, cause abnormal bleeding from vascular 
injury. 

Impaired nutrition. In scurvy, there is a deficiency of vitamin G 
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(ascorbic acid), which is necessary for the formation of the intercellular 
cement substance binding the endothelial cells together. Other nutri¬ 
tional factors may also be concerned. 

Substances having toxic effect on endothelium. Many drugs have thiR 
action. Quinine is a good example, but many other drugs act similarly, 
especially when the patient is sensitive to the drug in question. SnaJke 
venoms have an almost selective action on the capillary endothelium. 
Metabolic poisons, such as develop in kidney failure, have a similar 
action. 

Allergic states. In allergy, one of the characteristic reactions is transu¬ 
dation through vessel walls. The hive, the wheal, and angioneurotic 
edema are all due to the escape of fluid from the blood plasma into sur¬ 
rounding tissue. Red cells may similarly go through vessel walls. 

Anoxemia. A decrease in oxygen supply affects vascular permeability, 
probably through a toxic effect on endothelium. 

In all such conditions, there is either a defect in the intercellular 
cement-substance or chemical damage to endothelial cells. Zweifach^ 
thinks the most important factor in increased permeability to be the inter¬ 
cellular cement. This he was able to alter by changing the pH and 
calcium content of the fluid bathing the endothelial cells. He concludes 
that the physical state of the capillary wall depends on the calcium con¬ 
tent and acidity of the perfusate, and on the endothelial colloid coating. 
The endothelial cells secrete the intercellular cement. Their integrity, 
therefore, is likewise important. The filtration barrier can thus be divided 
into two constituents, the intercellular cement and an absorbed layer of 
protein on the endothelium which can be affected independently or con¬ 
currently by the fluids on either side of the capillary. 


Table 2 

Blood Findings in Patients with Abnormal Bleeding not Due to 
Thrombocytopenia or Hemophilia 



Type of bleedins: 


Clot 

retraction 


Purpura 

Rheumatic (Henoch- 
Sch6nlein’s) 

Allergic 
Kidney- 
Other causes 
Abnormal gross bleeding 
(epistaxis, hematuria, 
melena, menorrhagic, 
postoperative, and ret¬ 
inal bleeding) 

Congenital thrombasthenia 
Miscellaneous 

(leukemia, enlarged 
spleen, etc.) 


normal 

normal 

normal 

noimal 


normal 

norma] 
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Peck, Rosenthal, and Erf® have studied experimentally the production 
of purpura. With suction on a normal skin, the purpura is due to 
diapedesis of red cells through the intact capillary wall. With a toxin 
such as snake venom, there was a definite damage to the capillary wall, 
with rupture in some instances. In chronic thrombocytopenic purpura, 
there was often rupture of the vessels with suction alone, indicating a 
greater fragility of the capillary walls in clinical purpura. 

We have summarized, in table 2, the findings with reference to coagula¬ 
tion time, bleeding time, and platelet coimt in the 407 cases of abnormal 
hemorrhage without sufficient decrease in platelets or increase in coagu¬ 
lation time to cause the abnormal bleeding. While there is no significant 
change in these factors, such changes as do occur cannot be disregarded. 
It is very common to find some prolongation of coagulation time and/or 
bleeding time. It seems most probable that the factors which influence 
vascular permeability at the same time also influence the clotting factors. 
The change in clotting factors and platelets is secondary, however, to other 
changes. 

Several case histories may be cited to illustrate this point. 

Case L A woman, aged 27, was first seen for menorrhagia which neces¬ 
sitated transfusions to recover from the blood loss. A careful clinical 
study revealed no local or endocrine cause for the bleeding. 

The blood study showed: red cells 4.75 millions, hemoglobin 78 per 
cent (12 g.), platelets 235,000, coagulation time fifteen minutes, bleeding 
time over ten minutes, clot retraction normal. The findings were the 
same in a second examination two months later. 

It is apparent that the slight variation from normal in platelets, clotting 
and bleedmg times is not sufficient to account for the abnormal hemor¬ 
rhage. The increased coagulation time and bleeding time may, however, 
be an added factor. 

Case 2. A girl, aged 17, had had menorrhagia since onset of menses. 
No local or endocrine cause for the bleeding could be demonstrated. The 
blood coimt showed 2.63 millions red cells, 44 per cent (6.8 g.) hemo¬ 
globin, and normal leukocytes. The coagulation and bleeding times 
were both twelve minutes. The platelets were 280,000 and the clot re¬ 
traction was normal. 

Here, again, the blood findings were insufficient to explain the abnormal 
bleeding, although they constituted an added influencing factor. 

Case 3, A young woman, aged 23, had begim to have severe nose¬ 
bleeds at the age of 13. She always bruised easily and on examination 
had a large ecchymosis of the right leg without apparent injury. She had 
rheumatic heart disease. There was no local cause for the nasal bleeding 
on examination of the nose. The tourniquet (Leed-Rumpel) test was 
positive. The coagulation time was eighteen minutes. The platelet 
count, coagulation time, and clot retraction were normal. There was no 
anemia or abnormality of the white cells. 
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Case 4, A 47-yeax-old woman had severe diabetes which was difficult 
to control. She also had a severe hemorrhagic retinitis. There was no 
other abnormal bleeding, and no anemia. The coagulation time on one 
occasion was twenty minutes and on another twenty-two minutes. The 
platelet count was 240,000, the clot retraction normal, and bleeding time 
one and a half minutes. 

It seems most likely that the abnormal bleeding here was of nutritional 
origin and largely due to capillary endothelial injury, although the coagu¬ 
lation time was abnormal. 

Many patients with abnormal hemorrhage not adequately e:q)lained 
by the changes in platelet count or clotting time, must have qu^tative 
changes in the platelets and variation from normal in the blood proteins 
concerned in coagulation. Thus, one of us (Schneider) has found quite 
regularly an increased beta-globulin content and decreased albumin in the 
blood plasma of patients with hemorrhage retinitis such as case 4 cited 
above. The abnormal hemorrhage seen in pseudohemophilia or con¬ 
genital thrombasthenia is dependent on quantitative changes in platelets. 
A typical example of this condition is the following: 

Case 5. A boy who was six years old when first seen at Cleveland 
Clinic had always bled excessively from any injury. Also, he had always 
bruised easily. Three weeks before admission, he began to have bleeding 
from the throat after an attack of tonsillitis. There were a few subcutane¬ 
ous hemorrhages on examination. The tourniquet test was positive. The 
symptoms cleared up temporarily with the use of snake venom. This boy 
has been under observation for seven years. With any injury, he bleeds 
excessively, requiring hospitalization. 

Blood examination constantly shows a high platelet count (highest 
720,000) and normal clot retraction. The coagulation time is always at 
the upper limit of normal or slightly prolonged. The bleeding time is 
always prolonged, at times as long as one and a half hours. 

The child’s mother has similar blood findings. She had severe nose 
bleeds at llie age of 9 and missed school for one year. There was occa¬ 
sional menorrhagia, though never significant. Following delivery of her 
only child (case 5), hysterectomy was necessary to stop the uterine bleed¬ 
ing. She docs not bruise easily and has no abnormal bleeding, although 
her bleeding time, when last tested, was one hour and forty-five minutes. 

Many examples can be cited of purpura associated with rheumatic 
disease in which the purjoura is very marked and often occurs with active 
arthritis. Purpura from drugs is frequently encountered clinically. Typi¬ 
cally, these patients show no alteration in platelets or clotting factors, 
although not infrequently a slight reduction in platelets or some prolonga¬ 
tion of bleeding and/or clotting time is encountered. 

Discussion. It is apparent, from an analysis such as this, that most 
cases of clinical hemorrhagic diseases sire not due to thrombocytopenia or 
to a disturbance in the clotting mechanism. The excessive bleeding of over 
three-fourths of the patients was due to increased capillary permeability. 
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With any patient with abnormal bleeding, the first procedure is to study 
the blood for hemorrhagic disease. If no blood dyscrasia is found, further 
search must be made for other factors causing increased capillary per¬ 
meability. The more important of these are: (1) infection; (2) drugs; 
(3) toxemia; (4) allergy; and (5) disturbed nutrition. A Leede-Rumpel 
test should always be included in the clinical examination. If the test is 
positive, the capillary permeability is always impaired, although a posi¬ 
tive test is also characteristic of thrombocytopenia. 

Slight changes in platelets and clotting time which, by themselves, 
would not produce the bleeding of hemophilia or essential thrombocy¬ 
topenic purpura, may well be a factor in abnormal bleeding due primarily 
to increased capillary permeability. The alteration in platelets and 
clotting are probably brought about by the toxic agents affecting the 
endothelial cells and intercellular cement. 

The treatment of hemorrhagic disease not due to thrombocytopenia 
and abnormal clotting depends, primarily, on removing the offending 
agent, such as a drug or correcting a primary condition, as allergy. If 
the hemorrhagic disease is serious, transfusion may be of great value. 
Injections, intravenously, of calcium chloride or gluconate are often help¬ 
ful. Many other agents, such as snake venoms, have been suggested. 
These are not of striking value. 

CONCLUSIONS 

Increased capillary permeability is by far the most frequent cause of 
clinical hemorrhagic disease. 

In the series of 527 patients reported here, only 120 patients showed 
enough change in platelets or clotting factors to account for the disease. 

Increased capillary permeability is due to changes in the intercellular 
cement substance or to primary damage to the endothelial cells. 

Capillary damage may be due to infection, drugs, toxemia, allergy, or 
nutritional disturbances. 

In abnormal bleeding resulting from increased capillary permeability, 
there may be a slight increase in bleeding and/or coagulation time, and 
reduction in platelets, insufficient in themselves to produce the abnormal 
bleeding. These are only added causative factors in bleeding primarily 
due to endothelial damage. 

The treatment of this type of abnormal bleeding depends on finding 
and removing or treating the primary cause. Intravenous injections of 
calcium salts may help. 
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CLINICAL ASPECTS OF HYPOPROTHROMBINEMU 

By Charles S. Davidson and Henry J. Tagnon 

Thorndike Memorial Laboratory, Second and Fourth Medical Services (Harvard), 
Boston City Hospital; and Department of Medicine, Harvard Medical School, 

Boston, Massachusetts 

With the unfolding of our knowledge of the physiology of blood pro¬ 
thrombin and its relation to vitamin K, a better understanding has arisen 
of the diseases associated with hypoprothrombinemia^ their diagnosis, and 
their rational treatment. 

The discovery, by Dam and Schonheyder,^ in 1934, that vitamin K 
cured chicks of hypoprothrombinemia produced by feeding a diet inade¬ 
quate in this vitamin, led to much of the present advance in our knowl¬ 
edge. With the availability of vitamin K preparations, and with general 
use of methods for the determination of prothrombin, a number of 
hemorrhagic diseases with previously obscure etiology have been included 
in the group of conditions exhibiting a deficiency of prothrombin in the 
blood. 

Vitamin K is provided in the normal diet. Probably an equally im¬ 
portant source is its synthesis by bacteria in the gastrointestinal tract. 
It is fat-soluble and, therefore, for absorption, bile must be present in 
the gastrointestinal tract. Prothrombin is produced entirely by the liver, 
and for its synthesis, vitanain K is necessary. It is not known whether 
vitamin K acts as a component of an enzyme system or actually is a part 
of the prothrombin molecule itself. It has also been suggested that 
vitamin K acts by inhibiting a liver cathepsin which destroys prothrombin. 
Prothrombin circulates in the blood either as a plasma protein or closely 
associated with the plasma protein, and acts as an essential component 
in normal blood coagulation. 

Recent experiments in animals throw further light upon the physiology 
of vitamin K and support the evidence that the vitamin is produced m 
the gastrointestinal tract.^ Rats maintained on a diet deficient only in 
vitamin K, to which the poorly absorbed sulfonamide sulfaguanidine was 
added, were found by Black et al? to develop hypoprothrombinemia. 
The blood prothrombin concentration was returned to normal by vitamin 
K administration. Rats maintained on a diet deficient in vitamin K 
without added sulfonamide did not develop prothrombin deficiency. It 
is thought that the action of the sulfonamide was due at least in a large 
part to its depressing action on the intestinal bacteria. Hypoprothrom- 
binemia developing in man from sulfonamide administration has not yet 
been shown to exist. 

These many factors which influence the available production of 
vitamin K by the body and the subsequent formation of prothrombin 
by the liver, create a number of possibilities for the clinical occurrence of 
hypoprothrombinemia. Lack of vitamin K in the diet, non-availability 
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from disturbances in absorption^ and failure of prothrombin synthesis 
due to a damaged liver represent the most important causes of hypo- 
prothrombinemia. Many of these physiologic disturbances occur in 
diseases and other conditions in man and will be discussed with the 
known physiology of prothrombin and vitamin K as a basis. 

A deficiency of prothrombin activity in the blood impairs its coagu¬ 
lability. In the clinical conditions discussed below^ exhibiting a pro¬ 
thrombin deficiency^ the coagulation time of the blood is not usually 
prolonged unless the prothrombin concentration is very low, i,e., less than 
10 per cent of normal. In spite of a normal coagulation time, an hemor¬ 
rhagic tendency may exist when hypoprothrombinemia is present, for 
measurement of the coagulation time is not a sensitive test for small 
changes in blood coagulability. 

There are no specific changes in the other blood constituents associated 
with hypoprothrombinemia. Bleeding time is usually normal. Blood 
platelet counts are within the normal range, unless the particular illness 
is associated with thrombocytopenia. Thus, in advanced liver disease, 
there may be thrombocytopenia as well as prothrombin deficiency. 

The estimation of vitamin K in blood is not yet on a practical basis. 

General Clinical Manifestations of Pt^otlirombin Deficiency. 

The hemorrhagic manifestations of hypoprothrombinemia are varied. 
Subcutaneous hematomata, bleeding from venepuncture, mucous mem¬ 
brane bleeding, or post-traumatic bleeding have been reported. Kark 
and Souter^ have divided hypoprothrombinemia into two groups: latent, 
and spontaneous hemorrhagic hypoprothrombinemia. The former ex¬ 
hibits prothrombin concentrations of between 20 and 35 per cent, the 
latter below 20 per cent of normal. In the first group, the patients had 
bleeding episodes following trauma or operation, while in the second 
group, the trauma was often insignificant or undetermined. The presence 
of small hematomata forming around the site of the venepuncture was 
found consistently in patients with a prothrombin of less than 35 per cent 
of normal. The manifestations of hemorrhagic disease of the newborn 
will be given special consideration. 

Occasionally, the only indication of hypoprothrombinemia may be 
excessive bleeding from an organic lesion. Thus, in liver disease with 
portal obstruction and hypoprothrombinemia, bleeding from hemorrhoids 
or esophageal varices may be much more profuse than is usually found 
when the prothrombin concentration of the blood is normal. 

CLINICAL CONDITIONS ASSOCIATED WITH 
PROTHROMBIN DEUCIENCY 

Diseases Associated with Deficient Absorption of Vitamin K: 
Obstructive Jaundice. When bile is excluded from the gastrointestinal 
tract, homogenization of fats does not occur, and absorption of fat and 
fat-soluble materials may be incomplete or absent. Under such cir- 
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eumstances, the fat-soluble vitamins^ including vitamin K, are poorly 
absorbed, so that hypoprothrombinemia may result. 

The regular occurrence of hypoprothrombinemia in patients with 
obstructive jaundice accounts, at least in part, for the high surgical 
mortality in this condition. Wound bleeding often occurs and may be 
quite severe. The simple measure of administering bile salts to such 
patients, by mouth, will again permit the absorption of vitamin K. The 
administration of vitamin K without bile salts, by mouth, is, of course, 
ineffective. The vitamin may, however, be administered parenterally 
with rapid return of the blood prothrombin concentration to normal. 

Disease of the Gastrointestinal Tract. A marked increase in the flow 
of the gastrointestinal contents may lead to deficient intestinal absorp¬ 
tion. It is equally true that the failure of absorption of fat by any cause 
will lead to vitamin K deficiency and consequent hypoprothrombinemia. 
Therefore, it is to be expected that a prothrombin concentration below 
normal may be found in such conditions as sprue, idiopathic steatorrhea 
(celic disease), and high intestinal fistulae. Usually, in these individuals, 
the prothrombin deficiency is not sufficiently pronounced to produce 
a tendency towards bleeding, although increased bleeding may occur occa- 



Figure 1. Effect of injections of vitamin K on the prothrombin lime of a patient with 
ulcerative colitis. (From Kark & Sonter'*; reprinted by permission of The Ltmcet.) 
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sionally. A case illustrating this situation has been described by Kark, 
Souter, and Hayward.® Their patient had a very low prothrombin con- 
centration, associated with poor fat absorption occasioned by idiopathic 
steatorrhea. Response to parenteral vitamin K was prompt, though not 
well maintained. A similar hypoprothrombincmia may occur in indi¬ 
viduals with ulcerative colitis (figure 1), regional ileitis, and chronic 
diarrhea of other causes. In the presence of any of these conditions, 
hypoprothrombincmia should be looked for, and if found, one would 
expect restoration of the blood prothrombin to normal to be effected 
through administration of vitamin K by the parenteral route. 

Malnutrition. As has been stated, the discovery of hypoprothrom- 
binemia associated with vitamin K deficiency was originally due to feed¬ 
ing chicks an inadequate diet. These diets were extracted in such a way 
that no fat-soluble vitamins were present. Therefore, it would seem 
possible that a true dietary deficiency of vitamin K could exist in 
humans. Kark and Lozner® have reported four cases of malnutrition 
with multiple vitamin deficiencies and mild prothrombin deficiency due 
to an insufficient supply of vitamin K. The blood prothrombin responded 
to the administration of the vitamin. All cases of pan-avitaminosis should 
be studied with respect to the presence of vitamin K deficiency and con¬ 
sequent reduction in the prothrombin level. More recently, Aggeler, 
Lucia, and Fishbon*^ reported a case of severe anorexia nervosa with 
marked hypoprothrombinemia. This responded promptly to the admin¬ 
istration of adequate amounts of vitamin K. 

Hemorrhagic Disease of the Newborn, Hemorrhagic disease of the 
newborn is a condition occurring in the first week of life, characterized by 
bleeding either internally or externally, and always associated with a 
diminished blood prothrombin concentration. 

The hemorrhages may be from any site, quite often from the umbilical 
cord, gastrointestinal tract, vagina, or into the skin and subcutaneous 
tissues. 

Although hypoprothrombinemia is a necessary criterion for the diag¬ 
nosis of hemorrhagic disease of the newborn, all infants with hypopro- 
thrombinemia do not bleed excessively. This is clear from the fact that 
most infants have a precipitous drop in prothrombin concentration on 
the day after birth. The low concentration continues for about three to 
six days and then rises to normal again, very rapidly. In contrast to 
this almost invariable drop in prothrombin concentration in the new¬ 
born, is the low incidence of hemorrhagic disease of the newborn. Thus, 
a lowered prothrombin concentration in itself is not sufficient for making 
a diagnosis. Hemorrhage in some form must be present. It is now well 
known that the hypoprothrombinemia is due to a deficiency of vitamin 
K, and that it may be prevented, or treated with the expectation of a 
prompt cessation of the bleeding when due to this cause, by the admin¬ 
istration of vitamin K. 
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There axe many early reports of bleeding in infants. In fact, as pointed 
out by Quick,® in 1940, Mosaic Law delays circumcision to the eighth day. 
The first clear description and documentation of the disease was made by 
Minot,® in 1852, under the title “On Hemorrhage from the Umbilicus 
in Newborn Infants, with an Analysis of Forty-six Cases”. It was Towns¬ 
end,^® however, in 1894, who first called the condition “hemorrhagic 
disease of the newborn”. Blood transfusion was then the best therapy. 
With the discovery of vitamin K by Dam and co-workers,^ in 1934, and 
of its relation to blood prothrombin, the low prothrombin concentration 
in newborn infants pointed directly to the cause of the bleeding. Since 
that time, many reports have appeared, showing that vitamin K will 
prevent the fall of, or bring to normal, the prothrombin concentration 
of newborn infants. Whether there has been a reduction in the inci¬ 
dence of the disease by the routine use of vitamin K is still under discus¬ 
sion.^^* 

The clinical picture of the disease is easily recognized. The onset is 
in the first week of life and commonly on the second, third, or fourth days. 
After the twelfth day, the disease is seldom observed. The most char¬ 
acteristic feature is a spontaneous and persistent tendency to bleed, often 
multiple in origin. The bleeding has been observed in skin and sub¬ 
cutaneous tissue, from the nose and mouth, the conjuctivae, the mucous 
surface of the intestinal tract, intracranially, and into the serosa of the 
pericardium and the abdominal cavity. Certain organs sometimes show 
hemorrhages, as the kidneys, the adrenals, the thymus, the lungs, and 
the liver. Petechiae are rarely seen in hemorrhagic disease of the newborn. 

The disease is self-limited with either death or spontaneous cure within 
the first week or at most 12 days of life. Without therapy, the mortality 
rate is high, being given variously as from 30 to 60 per cent. 

Not all bleeding in the newborn is due to this disease. Trauma may 
be sufficient to cause ecchymosis, either due to a difficult delivery or a 
complicated postpartum course. It may, of course, be that such hemor¬ 
rhagic episodes are much worse or continue longer with a low blood 
prothrombin concentration. The same holds true for bleeding from the 
umbilical cord stump. This occurrence is most commonly the result of 
insecure tying, but may be much more severe with a lowered prothrombin 
concentration. 

Several other hemorrhagic diseases may occur in infants. Hemophilia 
rarely becomes manifest in the first year of life and is restricted to males; 
being a hereditary disease, it should not lead to confusion. Throm¬ 
bocytopenic purpura occurs rarely in the newborn, but may be present 
in the newborn infant of a mother suffering from the idiopathic form of 
the disease. Vaginal bleeding per se often occurs in the newborn and 
is usually not a manifestation of hemorrhagic disease of the newborn, but 
is thought to be the result of an excess of estrogenic substances transmitted 
from the mother before birth. 

Rarely, afibrinogenemia or fibiinogenopcnia may be confused with 
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hemorrhagic disease of the newborn. Simple examination of the blood 
clot should serve to differentiate tlicse two, as the clot will be poor in 
quality or entirely absent in the diminution or lack of blood fibrinogen 

In the past, it was the custom often to attribute bleeding in the 
newborn to congenital syphilis or some other infection either hidden or 
patent. That these conditions may lead to bleeding is undoubted, but the 
differentiation from hemorrhagic disease of the newborn should be easily 
made. 

The diagnosis of hemorrhagic disease of the newborn must be based 
on the clinical manifestations of abnormal bleeding from usually more 
than one site; on the low prothrombin concentration; and on the cessa¬ 
tion of bleeding and rapid approach to normal prothrombin concentra¬ 
tion after the administration of vitamin K. 

The mechanism of vitamin K deficiency in the newborn is not well 
established. It is apparently not entirely due to a deficiency irx the 
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mother, since her prothrombin concentration is usually within normal 
limits. Furthermore, the prothrombin concentration of the cord blood is 
usually within normal limits. It is well known that much of the vitamin 
K wc absorb is synthesized by the intestinal flora, and it may be that the 
infant’s relatively sterile gastrointestinal tract is unable to produce the 
vitamin. 

Diseases Associated with Deficient Utilization of Vitamin K: 

Liver Disease. Since the liver is the site of prothrombin formation, any 
severe hepatic disease which limits liver function may be associated with a 
blood prothrombin deficiency. Using phosphorus and chloroform to 
produce liver damage in a dog. Smith, Warner, and Brinkhaus^ observed 
a profound fall in the concentration of prothrombin in the blood. Warner 
later found a similar result following partial hepatectomy in dogs. 
Clinically, a reduced prothrombin concentration in liver disease is often 
found. It is usually found in portal cirrhosis, but has been reported in 
primary and metastatic carcinoma of the liver, acute hepatitis, fatty in¬ 
filtration, acute yellow atrophy, and catarrhal hepatitis. The absorption 
of vitamin K under these circumstances may be quite adequate, but the 



Figubd 3. Comparison of fibrinolytic activity In venous and arterial blood m hemorrhage 
shock in doff. (hS’om Taffnon, Levenson, Davidson, & Taylor."* Keprinted by permission of the 
American Journal of the Medical Sciences.) 
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production of prothrombin by the injured or insufficient number of active 
liver cells is deficient. Therefore, the administration of vitamin K, 
orally or parenterally, will not increase prothrombin concentration in such 
individuals, unless there is a failure of absorption of vitamin K (figure 2). 
In such instances, the administration of vitamin K may produce some rise 
in prothrombin concentration. 

So frequently is hypoprothrombinemia associated with liver disease that 
the plasma prothrombin concentration and failure of adequate response 
to vitamin K administration have been proposed as an index of liver 
function. As in most liver function tests, considerable liver damage may 
be present without affecting the prothrombin level of the blood. In any 
event, there does not appear to be a direct relation between plasma pro¬ 
thrombin concentration and the other liver function tests usually em¬ 
ployed. Lucia^® has stated that the plasma prothrombin concentration 
cannot be depended upon as a good criterion of hepatic function. 

Mechanism Unknown* Shock* It has been observed, in certain 
cases of traumatic shock in humans, that the prothrombin time was 
significantly prolonged. The same observation has been made in certain 
cases of hemorrhagic shock^^. During shock produced by hemorrhage 
in dogs, the prothrombin time becomes progressively prolonged and the 
plasma fibrinogen decreases (table 1, figure 3). The mechanism of 


Table 

Prothrombin in Hemorrhagic Shock (Dogs) 
Quick Prothrombin Time (Seconds; 



■ 

Hour after beginning of shock 

Dog No. 


1 

2 

3 

n 

5 

6 

6t 

13 

14 

17 

20 

Died 



7 

11 

12 

19 

24 

32 

Died 


8 

11 

12 

Died 





9 

11 

11 

12 



13 

17 

10 

12 

15 

19 

Died 




11 

12 

14 

17 

19 

23 

Died 


12 

13 



20 

26 

Died 


13t 

11 

11 

13 

15 

18 

21 

Died 


* From Tagnon, LefFenson, Dayldson, & Taylor.^ Reprinted by permission of The American 
Journal of the Medical Sciences. 
tNo anesthesia. 


the production of hypoprothrombinemia in shock is not clear. Among 
the possible causative agents, one should consider either an acute vitamin 
K deficiency, since it has been shown that in a state of shock there is 
an increased demand for vitamins, or liver insufiBciency caused by the 
knoxemia of shock. Another explanation could be that the prothrombin 
is destroyed by the proteolytic enzyme which is known to appear in the 
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circulating blood in shock. At the present time and before more 
experimental evidence is obtained, one has to consider the hypopro- 
thrombincmia of shock as still unexplained. It may, however, have prac¬ 
tical significance in that it may provide the explanation for the persist¬ 
ence of the hemorrhage once it has started: a vicious circle becomes 
established, in virtue of which bleeding creates optimal conditions for 
more bleeding. It is probable that when the surgeon gets ready to 
operate on a patient in shock, he should pay attention not only to the 
restoration of the blood volume and the oxygen capacity of the blood, 
but also to the restoration of a normal prothrombin time. It is quite 
possible that this last requirement will be satisfied only if the fluids used 
for the restoration of the blood volume contain an adequate amount of 
prothrombin. 

Drugs Affecting Blood Prothrombin Concentration: 

DicumaroL It was noted, some years ago, that cattle feeding in 
certain areas developed a marked bleeding tendency. This condition has 
been referred to as “spoiled sweet clover disease” in cattle. Link and his 
co-workers have isolated and synthedzed the compound 3-3'-methylene- 
bis-(4-hydroxycoumarin) from spoiled sweet clover which, when in- 



Figurb 4. Changes in the coagulation time in glass and lusteroid and the prothrqm^n con¬ 
centration following the adminlKtration of 1.8 g. of dicoumarin. Effect of Uie a^ii^s^tion 
of vitamin K and whole blood transfusions. (From Davidson & MacDonald.^ Reprinted by 
permission of The American Journal of the Medical Sciences.) 
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gested by experimental animals^ resulted in the usual hemorrhagic 
symptoms of sweet clover disease. The hemorrhagic condition produced 
is due to a diminution of the blood prothrombin concentration. The 
use of the compound as a substitute for heparin has been proposed. Un¬ 
like heparin, the compound has no action in vitroj may be given by 
mouth and must be administered for twenty-four or forty-eight hours 
before its effect is noted. Often an even longer period of time must be 
allowed for the blood coagulability to return to normal after admin¬ 
istration is stopped (figure 4). An antagonistic effect has been shown 
to exist between 3-3'-methylene-bis-(4-hydroxycoumarin) and large 
amounts of vitamin K with respect to the synthesis of prothrombin 
(figure 5).^® 



Fiqukb 5. Antagonistic effect of vitamin Kx oxide upon the anticoagulant effoct of dicumarol 
in spite of continued administration of dicumarol. (From Davison, Freed, & MacDonald. 
1945. Reprinted by permission of The American Journal of the Medical Sciences (210: 684.)) 


Salicylates. The occasional appearance of hemorrhagic manifestations 
in saKcylate poisoning has been noted for many years. An adequate 
explanation was not available imlil Link and co-workers^® showed 
that salicylate administered to rats on a vitamin K deficient diet developed 
hypoprothrombinemia. These workers showed that when dicumarol was 
degraded in vitro^ salicylic acid was formed. They suggested this as a 
possible explanation of the action of dicumarol in vivo. Both Shapiro 
and co-workers,^*^ and Meyer and co-workers,^® have extended Link’s 
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findings in rats to man and have demonstrated hypoprothrombinemia from 
the administration of salicylate even without restricting vitamin K in 
the diet. Thus, an explanation for the hemorrhagic phenomena in 
salicylism has been made, but whether Link’s suggestion to explain the 
effect of dicumarol by degradation to salicylate in the body is correct, 
must await the demonstration of salicylate formed in the body during 
the administration of dicumarol. 

TREATMENT 

Vitamin K. Natural vitamin K exists in two forms: Vitamin Ki and 
Vitamin K 2 . Both are substituted naphthoquinones, each with one long 
side chain; vitamin Ki being 2-methyl-3-phytyl-l, 4-naphthoquinone, and 
vitamin K 2 probably 2-methyl-3-difarnesyl-l, 4-naphthoquinone. 
Vitamin Ki is derived from alfalfa and K 2 from putrefied fish meal. 
Vitamin K 2 has about 60 per cent of the activity of vitamin Ki. Vitamin 
Ki has been synthesized, but not vitamin K 2 . (Both are fat-soluble and, 
as with other fat-soluble materials, depend for their absorption upon 
the presence of bile salts in the gastrointestinal tract.) Not long after 
the identity of vitamin Ki became known, the synthesis of other com¬ 
pounds having vitamin K-like activity began. Among these is the 
simpler compound, 2-methyl-l, 4-naphthoquinone, which, as Fieser^® 
points out, is not synthetic vitamin K but a synthetic compound having 
vitamin K-like activity. Vitamin Ki is apparently non-toxic even in 
large doses, whereas 2-methyl-l, 4-naphthoquinone, the most potent of 
the compounds, in animal experiments may be toxic in large doses. The 
preparations having vitamin K activity available for therapeutic use 
are chiefly vitamin Ki for oral use, in the presence of bile salts, and 
water soluble compoimds of 2-methyl-l, 4-naphthoquinone, which may 
be given intravenously or orally without bile salts. Vitamin Ki may be 
prepared in emulsions for intravenous use, or may be given intramuscularly 
in oils. There is some evidence that vitamin Ki has a longer duration 
of activity than the simpler naphthoquinones, though both become effec¬ 
tive at approximately the same time after administration. 

The dosage of the compound varies with its potency and according to 
the use for which it is desired. Using 2-methyl-l, 4-naphthoquinone as 
the standard, 5 to 10 mg. are usually sufficient to bring the prothrombin 
concentration to nonnal in simple vitamin K deficiency, as in obstructive 
jaundice. Less is required in hemorrhagic disease of the newborn. The 
action of the compound measured by a rising prothrombin concentration 
begins shortly after administration and reaches a peak in from 6 to 15 
hours. Preparations given parenterally have a somewhat more rapid 
action. 

Other Measures, Prothrombin in pure form is not available, but fresh 
whole blood and plasma contain it. Their administration may be of 
value when vitamin K cannot be expected to act, as in liver disease. In 
dicumarol poisoning, when the prothrombin concentration is very low, 
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blood transfusion exerts little, if any, effect. Quick®® has recently shown 
that prothrombin may be composed of calcium and two components 
ryi U pd prothrombin A and B. Storage of plasma reduces only component 
A, whereas component B is reduced after the administration of dicumarol. 
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DISCUSSION OF THE PAPER 
Dr. L. B. Jaques: 

While I agree with Dr, Davidson that the tendency is to use the one- 
stage method only for the determination of prothrombin, I would suggest 
that the two-stage method can provide data not obtainable by the one- 
stage method. Besides, when a number of samples are to be tested, the 
two-stage method as conducted by Herbert (Biochem. J. 34:1554.) 
should not be too cumbersome for routine investigations. 

I was particularly interested in the graph showing the intravenous 
administration of protamine. In our original communication, we coun¬ 
seled caution in ^s usq of protamine, due to the marked toxicity of 
protamine in the dog. Recent studies by Dr. Fidlar and myself have 
suggested that this toxicity is an anaphylactoid response of moderate 
severity, but limited to the canine species, and that the toxicity of pro¬ 
tamine may not be significant clinically. I would like to ask Dr. Davidson 
about symptoms following the injection of protamine and, also, how 
many patients have received protamine. 
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OOPLASMIC SEGREGATION 
IN RELATION TO DIFFERENTIATION 

By DONALD PAUL COSTELLO 

LJiiicersity of North Carolina^ Chapel HllU North Carolina^ 
and The Marine Biological Laboratory, Woods Hole, Massachusetts 

O F the many processes which take place during the maturation, fer¬ 
tilization, and early cleavage of invertebrate eggs, it is apparent 
that some are more significant than others in causally contributing to 
difierentiation. The fact of parthenogenesis indicates that the contribu¬ 
tions of the spermatozoon to development, particularly its nuclear con¬ 
tribution, cannot be of primary significance. The fact that certain ova, 
under experimental conditions, may show various degrees of differentia¬ 
tion without cleavage, indicates that neither the mitotic mechanism, 
nor cleavage, nor the cleavage pattern, nor cell boundaries are of essen¬ 
tial importance. It is likewise clear, from experimental evidence as well 
as by genetic assumption, that the differential competence of the difier- 
ent blastomercR of the early embryo cannot be accounted for on the 
basis of nuclear, chromosomal, or genic differences between the blasto- 
meres. We are, thus, led to the conclusion that the factors necessary for 
differentiation are those producing the localization of the cytoplasmic 
areas of specific potency—or, if one wishes to use another terminology, 
the factors producing cytoplasmic fields and gradients. The study of 
such factors may be approached from the standpoint of metabolic meas¬ 
urements, in terms of differential metabolic rates and enzyme distribu¬ 
tion. However, I believe that a more direct biological approach to the 
problem is afforded by the study of the process that has been termed 
o5plasmic segregation. 

The segregation of the visible cytoplasmic elements in the eggs of 
marine invertebrates was early described by Wilson (1892), Conklin 
(1905), Lillie (1906), and others, and has been more recently studied by 
Spek (1930,1934}a, 1938) under the term, bipolar differentiation. It is the 
purpose of the present paper to re\iew the recorded facts in relation to 
ooplasinic segregation and to make some suggestions concerning the 
significance of the process. 

The phenomenon of visible ooplasmic segregation is particularly strik¬ 
ing in eggs showing the so-called ‘•‘'determinate'” type of cleavage, and 
may be initiated, in different forms, at the time of, or prior to, germinal 
vesicle breakdown, during polar body formation, or at fertilization or 
parthenogenetic activation. Invertebrate eggs of the various animal 
groups may be divided into diff'erent categories as regards the time of 
onset, and the pattern, of oSplasmic segregation. There are also differ¬ 
ent relationships between the pattern of segregation and the cleavage 
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pattern. Because of these various types of segregation patterns, Spek’s 
term, bipolar differentiation, is a misnomer. Since there is an original 
polarity of the egg that can he traced back to the earliest stages of the 
o5gonium, it is recognized that the simplest type of ooplasmic segrega¬ 
tion is essentially a ro-polarization of certain of the egg constituents. 

Ooplasmic Segregation m the Egg of Nereis, The bipolar pattern of 
ooplasmic segregation is, ])erliaps, best exemplified by the Nereis egg. 
Spek (1930) studied the process in tl)e egg of Nereis dumerUii, using 
vital staining methods. The process of segregation of the o5plasmic con¬ 
stituents does not begin until after extrusion of the polar bodies (figures 
1 and 2). It is especially apparent at the four-cell stage, as figured by 
Spek (1934a) for Nereis limbata,, where the animal hemisphere gives an 
alkaline reaction with indicator dyes and the vegetal hemisphere gives 
an acid one. This has been discussed in considerable detail by Costello 
(1945a) for the egg of Nereis limbata. Since the animal hemisphere is 
destined to give rise in development to the ectodermal quartets of mi- 
cromeres, whereas the vegetal hemisphere produces the endodermal 
macromeres, the implication of Spek’s work is that there is a causal re¬ 
lationship between this ^'bipolar segregation"’ of acid and alkaline ‘^pro- 
toplasm” and the differentiation of endoderm and ectoderm. I shall re¬ 
turn later to the discussion of this point. 

In normal eggs of Nereis^ the time of onset of visible o5plasmic seg¬ 
regation is shortly after the final incorporation of the sperm head into 
the egg. Since an accentuated aggregation of cytoplasmic components 
is obtained in Nereis eggs from which the activating spermatozoon is 
removed (along mth the \itellinc membrane) by alkaline sodium chloride 
(Costello, 1945b), sperm entrance is not a necessary prerequisite. Cer¬ 
tain salt solutions (Spek, 1930, 1934b) may also induce segregation in 
unfertilized eggs. 

Ooplasmic Segregation in the Egg of Chaetoptbrus, In the egg of 
Chaetopterus, segregation takes place much earlier than in that of Nereis^ 
and it is essentially completed by the metaphasc of the first maturaiion 
di\asion (Lillie, 1^6). The ectoplasm of the o\arian egg covers the free 
hemisphere and ends a short distance below the eciuator, so that the en¬ 
doplasm comes to the surface in the vegetal hemisphere. There is usually 
also a small ectoplasmic defect at the animal pole, where the endoplasm 
conies to the surface. After the egg is shed by the female Chaetopterus 
into sea water, the germinal Aesicle ruptures and a series of movements 
of egg substance takes place. The ectoplasm flows toward the vegetal 
pole, covering the exposed endoplasm. The original polar defect en¬ 
larges and the maturation spindle becomes attached there. There is also 
a redistribution of the different types of endoplasmic granules 6, and 
c (see Lillie, 1906, Figures 1, 2, 5, and 25). This distribution of sub¬ 
stances corresponds, in many respects, to the future embryonic areas 
and is maintained from this time on. At the first cleavage, the polar 
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Figurb 1. Section of fertilized egg of Neriis hmbata, at prophase of first maturation division. Note 
chromosomes and nucleolus in rupturing germinal vesicle, and concentric orientation of ooplasmic in¬ 
clusions as in unfertilized egg. Photomicrograph, magnification 626x. 

Fiourb 2. Section of fertilized egg of Nereis limhata^ at metaphase of first maturation divis^n. The 
oil and yolk have been dissolved by the reagents. There has been no segregation of indusioM other than 
that brought about by movement of the spindle toward the ammal pole. Presumably, toe spinme is 
formed by rearrangement of the structural protans of the protoplasm. Photomicrograph, magnifica¬ 
tion 590x. 
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bodies and ectoplasmic defect arc transmitted to the CD blastomerc 
and at the third cleavage the polar defect is found on the Id blastomere 
which gives rise to the apical tuft. A more detailed account of the be 



Figure 3. Unfertilized Nertis eggs centrifuged 60 minutes at about 6000 times grav¬ 
ity, photographed 5 minutes after centrifuging. The large oil droplets mark the 
centripetal end. All inclusions are sedimented into strata. Magnification 135\. 

Figure 4. Nereis egg centrifuged 24 minutes in 0.73 M sucrose at 6000 times gravity, 
inseminated immediately, and photographed 53 minutes later. Note oil droplets mark¬ 
ing centripetal pole. Polar area, in surface view, is at equator. Magnification 410x. 

Figure 5. Nereis egg centrifuged 10 minutes in 0.73 M sucrose at 6000 times gravity, insemi¬ 
nated immediately, and photographed 70 minutes later. Note oil droplets, marking centripetal 
pole, at top, polar area and first polar body in surface view at equator. Magnification 410\. 
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havior of the Chaetopterus egg during this segregation period is given 
by Lillie (1906) and summarized with special reference to the possible 
role of the polar defect, by Costello (1945a). 

The Mechanimn of Ooplasmic Segregation, With these brief descrip¬ 
tions of two examples of the process of ooplasmic segregation, we have 
materials for a consideration of the mechanism involved. Spek (1930, 
1934a, 1938) speaks of the process as being brought about by a ^‘‘self- 
cataphoresis,’’ but there is no evidence for a flow of electric current 
through the cell, and no evidence that such a distribution of substances 
is obtained when a potential difference is superimposed upon the cell 
from outside. Nor Avdll the action of gravity (or magnified gravity, as in 
a centrifuge) in sedimenting the contained oOplasmic inclusions pro¬ 
duce a similar pattern. For example, in oSplasmic segregation in the 
Nereis egg, oil and yolk go toward the vegetal pole, whereas in the cen¬ 
trifuge (figure 3), oil moves centripetally, yolk centrifugally, to op¬ 
posite directions, which are usually at right angles to the animal-vegetal 
axis (figures 4 and 5). This is due to orientation of the somewhat disc¬ 
shaped egg in the centrifuge, with polar axis (short axis of the disc) at 
right angles to the direction of the centrifugal force. 

An explanation of o5plasmic segregation was recently proposed 
(Costello, 1945a) in terms of the Teorell ‘■‘‘diffusion effect.*” As illustrated 
in FIGURE 6, the Teorell system is as follows: Across a permeable bound- 


Coniinaous supply 
of diffa&ing agent 

DA 



Figure 6. Diagram to illustrate Teorell’s experimental arrangement 
for demonstration of the "diffusion effect." (After TbobelI/, 1987.) 
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ary (m) there is assumed to be present a constant difference in concen¬ 
tration of either the cation D • or the anion A . The maintenance of 
this condition is accomplished by the continuous addition of the sub¬ 
stance DA to the small volume (i) [= inside], causing DA to act as a ‘‘^dif¬ 
fusion agent"" whicli steadily diffuses across (m) irito the part (o) [= out¬ 
side]. In (o), a fixed, constant composition is mahitnincd by keeping the 
volume large. 

The continuous steady diffusion of DA was shown by Teorell (1935a, 
1937) to influence the distribution of other electrolyses present, de¬ 
noted by RTB', etc., which were not participating in any active 

diffusion and were therefore called ^‘'passive ions."" The membrane is per¬ 
meable to these passive ions. It was assumed that the D^ ions had a 
higher mobility in the boundary (m) than the A“‘ ions, producing an 
electrical potential across the boundary. Starting with the initial state 
of equal concentrations of M and of B"“ on the two sides of the mem¬ 
brane (m), the electrical potential causes an inward migration of M ' and 
an outward migration of B~. Finally the concentration gradients become 
sufficiently large to balance the electrical gradient and the system ap¬ 
proaches a steady state. Thus, the M ions accumulate and B “ ions de¬ 
crease in amount inside. Therefore, a diffusion of one electrolyte may pro¬ 
duce, inside, an accumulation or impoverishment of other cations oi an¬ 
ions, depending upon the mobilities of the ions of the diffusing agent. 
This effect upon ionic distribution is called the diffusion effect. 

Teorell"s concept of diffusion effect was later extended (1935b) to ap¬ 
ply to any electrically charged particle, regardless of size, l^he diffusion 
, potentials present in the system would thus move positively charged 
particles into the negative part of the diffusion potential field, and neg¬ 
atively charged particles in the opposite direction. It was emphasized 
that this ‘'^diffusion effect"" upon ionic and colloidal distribution is not a 
cataphoretic effect, because no current is flowing and no external E.M.F. 
is applied. It is brought about by exchange of charged particles duo to 
differences in mobility of the ions of the diffusing substance within the 
membrane.* Teorell (1936c) also devised a scheme for studying ionic 
distribution within a thick diffusion layer-the so-called multi m<‘m- 
brane an’angemcnt. 

In my 1945 paper, I proposed a biological analogue of the IVorell 
scheme to account for ooplasmic segregation (figurm 7). If there were a 
continuous supply of diffusing substance entering tlic cell across a spe¬ 
cial area of the cell membrane, such as the polar urea, diffusion poten¬ 
tials might be set up witliin the egg, with part of the protoplasm (such 
as the protein framework) acting as a multiinembraiic. If electrically 
charged particles, regardless of their size, were subjected to the influ¬ 
ence of these diffusion potentials, positively charged particles would be 
moved toward one pole of the egg, negatively charged particles toward 


* The normal difference in mobility of the ions of a substance is sufficient, but this mobility difference 
may be accentuated by certain types of membranes (Teorell, 1937). 
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the other. In this earlier paper, I considered at some length the assump¬ 
tions basic to the application of the Teorell scheme in such a case, and 
the reader is referred there for further details. I should like to point out 
that Harrison (1945) lias recently visualized the ovum (Harrison'’s 
Text figure 12) iu a manner essentially corresponding to my last figure, 
with a protein framework and distribution within this framework of two 
types of substances. Harrison distinguishes two types of polarity in the 
ovum: a polarity of direction (Richtungspolaritat) and a polarity of 
stratification (Schichtungspolaritat). The former is equivalent to what 
I have called the original polarity of the egg, the latter to what is 
brought about by the process of segregation. 

If ooplasmic segregation is initiated when the egg enters sea water, 
or when some event, such as fertilization, alters the membrane perme¬ 
ability to permit entry of the diffusing substance, then the diffusing sub- 

CONTINUOUS SUPPLY OF 

DIFFUSING SUBSTANCE DA 

entering cell across 

POLAR AREA 



Figure 7. Biologioal aii<ilugu(> of Tooroll sehomo, omploying ’'multimombrane’* or thick difiFu- 
faion layer to biing about s(‘gn‘gution of particles M t, B wilhm cell. (After Costbllo, 1946a.> 

stance is probably (Mthor one of the common constituents of sea water, 
or a constituent of tlie out<»r surface of the egg which is able to enter the 
egg after its peniK'ability is altered. S])ek (1930,1934b) lias induced an 
artificial ‘“‘'bipolar differentititiori'*’ in the eggs of Nereis and Asterias 
by moans of potassium chloride. Mead (1898) induced CJiaetopterus 
eggs to complete their maturation by the addition of a small quantity 
of potassium chloride to sea water, it is also this substance which in¬ 
duces Clxaetopierm eggs to undergo differentiation without cleavage 
(Lillie, 1902,1906). There is, therefore, the possibility that the diffusing 
substance may be jiotassium chloride. However, it is very important 
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that the diffusing substance should show a considerable difference in 
mobility of its ions within the “•membrane” (m)], in order to set up 
a diffusion potential of any great magnitude. The mobilities of the po¬ 
tassium and of the chloride ion are almost the same in simple solutions. 
We do not know with eextainty what their i-clativo mobilities would be 
within the egg protoplasm. 

It is a well-known fact tliiit modification of the extex-nal medium, as 



Figure 8. Normal, living pluteua of Arbaeia pujictalata about 40 hours old. Viewod from aboral sur¬ 
face, magnification 150x. 

Figure 9. Same, viewed in median optical section. 

Figure 10. Exogastrulated pluteua, 48 hours old, developed from Arbaria egg lreat<»d for 4 hours 
with mixture of 0.54 M UCl (20 parts) and sea-water (80 parts), beginning 53 minutes after insemina¬ 
tion (during 2-cell stage). Magnification 160x. 

Figure 11 . Exogastrulated pluteus, 62 hours old, same treatment as figure 10. Magnification 130x. 

Figure 12. Exogastrulated pluteus, 57 hours old, same treatment and magnification as figure 10. 
Effect more extreme. 

Figure 18. Exogastrulated pluteus, 62 hours old, same treatment and magnifioation as figure 12. 
Effect still more extreme. 

by the addition of a simple salt such as lithium chloride, leads to modifi¬ 
cation of development. Some examples of lithium-induced cxogastrula- 
tion in the sea urchin, Arbaeiapunctulata^ are shoTO in fkutrrs 8-13.* 

* Observations made by Mrs. Marjorie Hopkins Fox and the author in 1945. 
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It is possible that the lithium acts through an effect on the diffusion po¬ 
tential and ooplasmic segregation. Arbacia embryos from a given culture 
which has been subjected to a specific dosage of lithium chloride to in¬ 
duce oxogastrulation, exhibit a remarkable variation in the degree of 
developmental modification. Child (1940) has exhaustively discussed 
this variation in susceptibility to lithium. He suggests that aggregation 
at the bottom of the container produces environmental conditions dif¬ 
ferent from those surrounding isolated individuals. One might argue 
that an internal protoplasmic gradient would tend to produce just such 
a liigh degree of variability if the eggs come to rest vith their polar axes 
oriented at any angle with respect to the bottom of the dish. That is, in 
some cases, the external chemical gradient effect would be added to the 
original polar gi’adiont; in other cases, the two would act in opposite 
directions; and in still other cases, at all possible angles to each other. 

Since the early experiments of Herbst (1892), it has been recognized 
that lithium has at least two distinct effects on echinoderm eggs. It 
produces oxogastrulation (i.^., separation of endodermal from ectoder¬ 
mal and mesodermal structures with essentially complete differentiation 
of all three) and inhibition of development, which may produce either 
inhibitory ectodermal or endodermal modifications. Perhaps a third 
effect is endodermalization of prospective ectoderm. If 'we can attribute 
these separate oflects to different physico-chemical causes, I should pos¬ 
tulate' that the primary oxogastrulation is brought about by a physical 
effect of the lithium ion through some such mechanism as the Teorell dif¬ 
fusion efiect acting on ooplasmic segregation, accentuating the separa¬ 
tion of ectodermal and endodermal factors responsible for differentia¬ 
tion. The secondary inhibition of development could be assumed to be 
due to an inhibitory effect of lithium on certain enzyme systems (how¬ 
ever, contrast Pease, 1942). 

There are a number of unexplained effects of certain other external 
agents in embryonic development. As a working hypothesis, it might be 
possible to invoke the ''l''('orell diffiision effect as the causative mechanism 
and plan experi»nents to further elucidate these phenomena. For ex¬ 
ample, th<' effeef of blood (‘xternally aj)plied when inducing partheno¬ 
genesis in unf('rtiliz(»d frog^s eggs by pricking needs further investiga¬ 
tion, It is W('ll known (Hataillon, 1912) that the presence of blood 
materially iiicrc'ases tiu' pc'rcentage of haploid embryos reaching an ad¬ 
vanced developmental stage. Tyler (1981) has described radially sym¬ 
metrical [)arth<'nogen<‘tic embryos of Vrechh, He suggests that these 
received a difi*us(' activating stimulus, rather than a stimulus from one 
side (such as that [)ro\i(led in normal fertilization), and leading to for¬ 
mation of a bilaterally symmetrical einbiyo. Tyler (1941) suggests that 
partheiiogeiietic activating agents would best be applied in the form of 
a gradient. In lino with these suggestions, we might postulate that the 
presence of the blood modifies tlie diffusion gradients set up through 
the ])oint of puncture of the pricked frog’s eggs, or modulates the stimu- 
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lus to produce more normal embryos. One possible experimental test of 
this hypothesis is the study of the action, under similar circumstances, 
of various large molecules with isoelectric points near those of the several 
blood components. 

Utilization of the Teorell diffusion effect as an explanation of the 
mechanism of localization of certain substances within the o^oim does 
not necessarily imply that the diffusion agent enters the cell from out¬ 
side. A diffusion gradient of substances leaving the cell, or diffusing 
from one region to another mthin the protoplasm, could produce a simi¬ 
lar effect. The original polarization of the ovum, laid down during the 
early growth stages in the ovary, presumably sets up a polar difference 
in metabolicaUy significant substances. This is one of the primary tenets 
of the axial gradient theory of C. M. Child. The products directly or in¬ 
directly resulting from these differences in metabolic actirity may be 
free to diffuse from regions of higher to those of lower concentration. 
In so diffusing, under certain conditions, a Teorell diffusion effect may 
be established, thus secondarily inducing a movement of other charged 
particles. Gene products, diffusing from the nucleus or chromosomes 
during certain periods of cell activity, may similarly bring about move¬ 
ments of other substances. 

A Special Case: Styela partita. Wliile the scheme outlined above (in 
terms of a polar defect) might account for segregation of materials along 
the polar axis, it could not, without addition or modification, account 
for a more complex type of oSplasmic segregation, such as that found in 
the egg of Styela and described by Conklin (1905). Upon fertilization of 
this ascidian egg, there is a primary segregation of materials resulting 
from a downflow^ of the yellow^ and clear substances from the animal 
tow^ard the vegetal j)ole (Conklin, 1905, Figures 1-6). This active migra¬ 
tion is completed within ten minutes after the entrance of the sperma¬ 
tozoon. Then the sperm nucleus mo^es to one side in the low’^er henii- 
sphore, inaugurating a secondary segregation of materials to form the 
posteiior yellow^ crescent (Conklin, 1906, Figures 8, 9,13, l-t, 15). Op¬ 
posite tliis crescent, at the future anterior region of the egg, the light 
gray crescent arises. As a result of segregation, the animal liemisjihcre 
is occupied by clear protoplasm and the remainder of the vegetal liemi- 
s[)here by dark gray yolk. In line with the polar defect theory outlined 
above, it w'ould be tempting to suggest that the sperm entrance point 
serves as a second point of entrance for a difiusing substance wliich sets 
up the secondary bilateral pattern of the embryo, but such an explana¬ 
tion is inadequate. As Conklin (1905) demonstrated, the sperm nucleus 
does not ahvays take the shortest path to the equator, but appears to 
move in a certain meridian. This seems to indicate that the path of the 
spermatozoon is determined by the structure of the cytoplasm. We must, 
thus, assume a bilateral orientation predelineated in the ‘’^framework^*’ 
of the ground substance. Therefore, Harrison'’s (1946) diagram of the 
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pattern of the ovum must be modified to include bilaterality as well as 
polarity, in order to be applicable to the case of the unfertilized Sfyela 
egg. The situation obtaining in the unfertilized Sfyela egg may perhaps 
best be visualized in terms of a bilateral liquid crystal structure extend¬ 
ing throughout the cell (figuue 14), serving as the ^^framework’’ of the 



Figure 14. Diagram of hypothetical structure of an ovum, modifying Harrison’s (1945) te^t figure 
12 to indude a cortex and a basic pattern of bilaterality in the lattice of the ground-substance. The 
lattice also provides a structural arrangement for the polarity of direction, while the distribution of 
the two kinds of partides (designated by -{- and—) within the interstices of the lattice indicates the 
polarity of stratification. 

protoplasm, and loading to a directed diffusion. If directed diffusion 
leads to the establishment of a particular pattern of ooplasmic segrega¬ 
tion, perhaps we may dispense entirely with the polar defect hypothesis. 
It is probable that segregation takes place in both the polar and anti- 
polar fragments of cut Cerebratuhes eggs. The antipolar fragment lacks 
the polar defect. Possibly, a liquid crystal structure with polar and 
bihiteral orientation provides the requisite conditions. 

Undoubtedly, different pattcnis exist in the unfertilized eggs of dif¬ 
ferent species of animals. In the frog'’s egg, it is probable that bilater¬ 
ality is not determined until the time of fertilization. In the eggs of 
ascidians, it is apparently predetermined in the unfertilized egg. In the 
eggs of mollusks and annelids showing spiral cleavage, bilaterality may 
be determined at the time of fertilization (Just, 1912; Moigan and 
Tyler, 19.S0), but there is presumably an asymmetry of structure lead¬ 
ing to spiral cleavage of the egg or its fragments, which is determined 
at an early precleavage stage. 

The Sigaijicance of Ooplasmic Segregatmu No more striking ex¬ 
ample of the significance of odplasmic segregation can be found than 
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in the case of differentiation without cleavage in the egg of Chaetopterus, 
After a short exposure to certain solutions (mixtures of 2^ molar po¬ 
tassium chloride and sea-water) both fertilized and unfertilized eggs 
pass through certain well-defined phases of segregation, as described by 
Ijillie (1902, 1906) and by Brachet (1937). The yolk accumulates as a 
dense mass in the int^ior, and other granules or vacuoles assume a polar 
or peripheral position. Figure 15* shows a photomicrograph of one of 



Figxtbb 15. Fhotomlcrosraph of an unfertilized egg of Chaeto-pUrv^ 'p^rgamentaeeuBt treated 
with a mixture of 2.5 M potassium chloride (10 parts) and sea-water (90 parts) for 64 minutes. 
Photographed 3 hours and 45 minutes after treatment. Note marked segregation of cytoplasmic 
components. A few hours later, dlia were differentiated at the surface. Magnification 660x. 

these embryos, just before the differentiation of cilia. There is a re¬ 
markably clear-cut segregation of parts. Subsequently the peripheral 
protoplasm becomes ciliated and more vacuolated, so that the embryo 
resembles, in part at least, a trochophore with inner yolky endoderm, 
•ciliated surface and equatorial band of vacuoles. Lillie‘’s (1902) Figure 
S shows a normal trochophore and his Figures 1-7, etc., show the ciliated 
structures which develop without cleavage from unfertilized eggs. Em¬ 
bryos differentiating without cleavage do not develop an apical tuft. 
Lillie correlates this with the fact that the defect in the ectoplasm, 
where the endoplasm comes to the surface, is obliterated by the artifi¬ 
cially induced flowing movements. 

In the same cultures,* some eggs are found in which the streaming 
movements of the interior protoplasm continue after the initial segrega¬ 
tion has been accomplished. These amoeboid masses never differentiate 


* See footnote on page 670. 
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the structures so characteristic of the other pseudo-larvae. Therefore, 
it appears that the proper degree of segregation must be maintained 
for differentiation to occur. 

It is my belief that ooplasmic segregation is of much greater signifi¬ 
cance in interpreting the development of egg-fragments than has been 
suspected previously. Studies of the development of egg-fragments, such 
as the classical experiments of E. B. Wilson (1904) on the egg of JDenta- 
lium^ clearly indicate an association of specific embryonic potency with 
certain protoplasmic areas. For example, the lower polar area of the egg 
of Dentalium contains the material of the antipolar lobe. This region is 
definitely related to the formation of apical tuft and post-trochal re¬ 
gions. In Dentalium^ there is, thus, a very early prelocalization of em- 



Figurh 16. Differentiation of the blastomeres of the 16-ceII atage of 
the Nereis egg after separation by dissection. (After Costbuw>, 1946b.) 


bryonic potency, associated with the very early visible segregation of 
the lower polar area. 
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In the egg of Nereis Umhata^ it has been shown (Costello, 1946b) that, 
from the time of the first cleavage, the isolated blastomeres develop as 
partial embryos. This is demonstrated very clearly by isolating the blas- 
tomercs of the 16-cell stage (figure 16), when only isolated trochoblasts 
(laMd^) differentiate prototrochal cilia, only macromeres tend to gas- 
trulate, etc. It is, therefore, of interest to inquire whether this cleavage 
mosaic is foreshadowed by a prelocalization extending back into the un¬ 
segmented egg. Cutting the Nereis egg across the equator, shortly be- 


Table 1 

DEVELOPilENT OF FeAGMENTS OF FeBTILIZCD NCUEJS EgGS 
Obtained by Horizontal Section 
Number 

i .. ' ' . . ■ . —^ 

Isolated Cleaved Ciliaied Gastrulae Proto, pigm. Eyespots Analpigm. 

V. , , W (2) 

Nucleated 

(polar) 35 30(+3abn.) 16 16 1 (-hi?) 1 

Non-nucleated 

(antipolar) 35 0 0 0 0 0 0 

mole 

denuded eggs 35 35 35 + 12 6 6 6 

fore the first cleavage, produces polar fragments (upper fragments) con¬ 
taining the cleavage spindle, and antipolar fragments lacking spindle 



Figure 17. Camera lucida sketches of progressive blastomere separation of the cleav¬ 
age products of an egg fragment of Nereis. The row of figures at the extreme right 
indicates the final products of differentiation of the surviving isolates. Compare 
with progressive blastomere separation of whole egg (Costello, 1945b, Figure 4). 

and nuclear materials. Only the polar fragments cleave (table 1) and 
may produce essentially complete embryos (Costello, 1940a). Isolated 
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blastomeres of these egg-fragments develop in essentially the same man¬ 
ner as isolated blastomeres of whole eggs (figuee 17), clearly indicating 
that the prototrochal material cannot be at the extreme lower pole of the 
fragment, but occupies a position corresponding to its position in the 
whole egg (Costello, 1940b). Originally, I suggested three alternative 
hypotheses (figuee 18) to account for this result. First (figuee 18, a). 





Figure 18. Diagranis of three alternative hypotheses concerning 
distribution of materials in whole eggs and egg-fragments (see text). 

it is possible that there is no prelocalization of the materials for pro- 
totroch formation (/) and for gastrulation (\) just prior to the first cleav¬ 
age, when the egg-fragments were obtained. Secondly (figure 18, b), 
it is possible that these materials are already segregated, but are segre¬ 
gated in the animal hemisphere, the lower half of the egg being essen¬ 
tially unimportant at this time. Thirdly (figure 18, c), it is possible that 
the segregation of potencies has already occurred, but that the animal 
fragment is capable of regulating and produces the missing potencies out 
of other materials than those originally destined for these parts. l am 
now inclined to view the first hypothesis as the most likely. Since visible 
ooplasmic segregation in Nereis does not begin until after the formation 
of the polar bodies and is not well-advanced until just before the third 
cleavage, it is reasonable to suppose that germinal prelocalization is oc¬ 
curring simultaneously with visible segregation of the formed cytoplas¬ 
mic inclusions. 

If a series of different egg species were studied, I believe that it would 
be possible to establish a correlation between the time of odplasmic 
segregation and the degree of embryonic determination. However, Ave 
must bear in mind that centrifuging experiments on mamy forms have 
clearly indicated that there is no causal relation between visible particles, 
displaceable with centrifugal force, and morphogenetic values. For 
ample, some of Spek’s beautiful figures of Nereis ^gs stained with 
neutral red and nile blue sulfate show a striking ^‘bipolar differentia- 
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tion.” My own studies have shown that, when these stained Nereis eggs 
are subjected to an appropriate centrifugal force (figure 19), all stained 



Figure 19. Nereis egg centrifuged 61 minutes at 66,000 times gravity. Sketched immediately, before 
change of shape. The strata, in order, proceeding from the centripetal pole, are: oillayer; hyaline zone 
surrounding upper portion of germinal vesicle; indistinct layer of fine granules, which stain with neu¬ 
tral red; broad stratum of yolk spheres; a second, narrow hyaline zone; centrifugal zone of heavy 
granules, including vortex of granules which stain deeply with neutral red. 


materials are sedimented into definite strata. Such eggs may neverthe¬ 
less develop normally. The ‘‘acid^’ and ‘^alkaline’’’ regions are not regions 
of acid or alkaline ground substance (hyaline protoplasm) but are re¬ 
gions in which the contained granules or vacuoles stain differentially. 
So far as we can ascertain by observation of stained and unstained eggs, 
there are no \dsible differences in the hyoline protoplasm of the different 
regions. 

The conclusion that the visible cytoplasmic components of inverte¬ 
brate eggs have no morphogenetic value has recently been questioned 
by Raven (1938) on the basis of experiments on the eggs of Nereis and 
Chaefopterus. Raven and Bretschiieider (1942), using low centrifugal 
forces on the eggs of Limnaea^ have objected to the conclusions of Conk¬ 
lin (1910) and Clement (1938). However, their objections appear to me 
to be without adequate foundation, since they ignore the fact that Clem¬ 
ent (1938) obtained normal development of hyaline fragments of cen¬ 
trifuged Physa eggs. Harvey (1946) recently obtained plutei from the 
clear quarter of the Jrbacia egg. 

The apparent paradox between the results on the development of egg- 
fragments and of centrifuged eggs admits of easy solution. We need 
only assume that the mechanism of normal segregation segregates both 
visible formed inclusions and invisible morphogenetic substances. The 
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invisible morphogenetic substances, such as hormones, enzymes, or the 
like, become associated with the hyaline protoplasmic base in the inter¬ 
stices between the gi*anules or vacuoles. Subsequent centrifuging might 
easily displace the large visible particles Avithout displacing the invisible 
substances which are associated with the protein framework of the cell. 
This conclusion is basically the same as that of Conklin (1931) resulting 
from centrifugation of the Styela egg. It is not the visible granules that 
have morphogenetic value, but the special, localized hyaline protoplasm 
\vith Avliich these granules are normally associated. 

The Teorell diffusion effect theoretically provides us with a mecha¬ 
nism which might bring about both a visible stratification of the sus¬ 
pended ooplasmic substances and a parallel but invisible segregation of 
the ‘•‘'formative stuffs.’’ The primary requirement is that both types of 
materials be charged. 

It has been suggested by Weiss (1939) that diffusible substances (such 
as inductors or hormones) can act only to bring out differences already 
existing in an embryo. He uses as an analogy the photographic devel¬ 
oper wliicli does not create the picture, but merely converts a latent 
image into a visible one. Weiss states (pp. 441-442), ‘’It is inconceivable 
that a chemical agent diffusing indiscriminately through a body whose 
parts are all alike should ever be able to produce local differences. . . . 
the problem of organization can expect no elucidation from the study of 
the ‘•dark-room’ phase of the process.” I should like to point out here 
that a diffusible substance which possesses a difference of mobility of its 
dissociable parts could act, ma the TeoreU effect, to bring about a segre- 
gation of other charged particles and thereby actually create a pattern 
where none previously existed.* Two diffusion gradients of different 
types, originating from points 90 degrees apart, might give a more com¬ 
plex pattern. An interaction between the components of this pattern, 
once a certain threshold of concentration has been reached, might pro¬ 
duce still more complex patterns. 

Another example of a pattern which can be produced by diffusion of 
a substance into a gel lacking a preformed structural basis for the pat¬ 
tern is the well-knoAvn laesegang phenomenon of colloid chemistry. 
When two solutions, capable of forming a relatively insoluble precipi¬ 
tate, are allowed to interact inside a gel, the precipitate, under certain 
conditions, is deposited in layers which are repeated in regular fashion. 
These are the Liesogang rings, or Liesegang stratifications. The ex¬ 
planation of this phenomenon, which involves diffusion in relation to 
the degree of local supersaturation, can be found in any good textbook 
of colloid chemistry. 

* Obviously, dilSusion from one side, or directed diffusion, is not indiscrtwinote diffuaon. But one coidd 
visualize a pattern of segregation arising if an egg rests with one surface against the suDstratum, in¬ 
hibiting diffusion from this side, and permitting free diffusion into the freej^ace from the ex^rnal 
medium {vide work on the Fuevx egg, summarized by Whitaker, 1940). The diftoon of the amphibian 
organizer from the chorda-mesoderm into the overlying ectoderm is no mort indiscnmiMte. Or^nizer 
action, which appears to depend upon the competence of the reacting tissue, is probably a typical 
example of "developer action" similar to that described by Weiss for hormones. 
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In view of the lack of data on the physico-chemical conditions within 
the developing ovum, the diffusion effect theory of oSplasmic segrega¬ 
tion is, at present, only a working hypothesis. I have suggested this hy¬ 
pothesis, not in the belief that it explains all the facts, but rather in 
the hope that a more adequate explanation of o5plasmic segregation 
may be evolved. It is hoped, furthermore, that this presentation may re¬ 
kindle interest in the classical materials of experimental embryology, 
the eggs of the marine invertebrates. 
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Discussion of the Paper 

Dr. Robert Chaimbees (Xew York University^ New I VA% N. F.): 

I was interested in Dr. Costello’s introducing a diffusion gradient 
model as a hypothesis to explain orientation in an egg. I only wish he 
could have taken time to present more, and in greater detail, from the 
great wealth of his own experimental observations. 

Concerning the existence of a polar differentiation wliich persists from 
the ovarian egg, I wish to mention the egg of the Cerehratvlus, The ex- 
centrically placed germinal vesicle maintains the same relative posi¬ 
tion as that of the nucleus of the cells of the germinal epithelium, while 
the micropylo, which is an interruption of the vitelline membrane, as it 
expands on contact with sea-writer, lies at the opposite pole where the 
epithelial cell had separated from its substrate. Hence, under normal 
conditions and in the absence of external disturbing factors, tlie polar 
bodies arise almost exactly opposite the spot where the sperm is most 
likely to enter. Insemination can occur anywhere over the surface of the 
egg, but the growing aster, once the sperm has entered, brings the sperm- 
head into the position where nature had originally intended it to be. 
Can it be that the gelating monaster, with the streaming enteiled in its 
growth, has something to do with a reorientation of previously dis¬ 
located basic patterns? We know that the development of totipotent 
egg-fragments is also preceded by the formation of a monaster, h^ynot 
this phenomenon produce the required polar orientation in each frag¬ 
ment? 
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Dr. D. P. Costello: 

Theoretically, it seems possible, as Dr. Chambers suggests, that the 
streaming movements associated with the growth of the sperm aster may 
orient substances within the egg, to give a polarity of stratification, 
though not a polarity of direction. The latter is probably laid down in 
the egg during its earliest oSgonial histoiy. However, if we postulate 
this activity as a characteristic of sperm asters, we encounter the dif¬ 
ficulty of explaining orientations which bear no constant relation to the 
position of the sperm path, as has been pointed out for the case of the 
secondary bilateral segregation in the egg of Styela. Rashevsky has sug¬ 
gested the possibility that the centrioles of asters are diffusion centers, 
bringing about an orientation of chromosomes in the mitotic figure, but 
there is no direct evidence for this. He has not discussed centrioles in re¬ 
lation to oSplasmic segregation. 

Dr. a. M. Shanes {New York University^ College of Dentistry, New 

York, N Y.^): 

Dr. Costello has suggested that TeorelPs theoretical approach to the 
^‘■diffusion effect,’’*' de\dsed to account for ionic gradients, is applicable to 
the distribution and movement of particles in the fertilized egg. It may 
be desirable to call attention to a limitation of the theorj^ as developed 
by Teorell and its possible significance. 

Teorell assumes that diffusion potentials set up by the continuous 
diffusion of ionized substances are responsible, in the steady state, for 
the differential distribution of ions on either side of any boundary which 
servos to support such diffusion gradients. Unfortunately, under con¬ 
ditions of rather high electrolyte concentration such as exist within most 
if not all cells, such diffusion potentials would be insignificant. Thus, 
Dr. Osterhout set up a model in which CO 2 serv^ed as a source of diffus¬ 
ing ions across a non-aqueous layer. A differential distribution of ions 
occurred, but the expected potentials arose as ionic changes proceeded 
rather than before. The potentials were obviously the result rather than 
the cause of the ionic transfer, and this even though hydrogen ions (the 
most mobile and therefore the best from the standpoint of large diffu¬ 
sion potentials) were involved and their gradient very high. 

Dr. Osterhoiit’s results are easily interpreted from the standpoint of 
the Donnan equilibrium, for bicarbonate ions were retained within tlio 
^‘ceir’’ while hydrogen ions exchanged with other “extracellular*” small 
cations. Thus bicarbonate constituted the indiffusible ions required for 
a Donnan equilibrium; the ionic gradients and associated potentials 
would thus develop as actually obsen^ed. 

It is difficult to see, in view of such results, how a diffusion effect could 
cause the movement of microscopically \’isible particles, particularly 
with the speed and over distances as great as those which have been 


• Preaent address: Georgetown University, School of Medicine, Washington, D. C. 
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described for some eggs. Even if molecules as small as proteins were con¬ 
cerned, the porosity of the protoplasm necessary for their migration 
would eliminate the possibility of ion retention such as seems to be re¬ 
quired for the diffusion effect. 



THE ORGANIZATION OF THE 
AMPHIBIAN EGG 

DURING FERTILIZATION AND CLEAVAGE 

By G. FANKHAUSER 
Prlncftm University, Princeton, N, J. 

Introduction 

I N contrast to the beautifully transparent or semi-transparent eggs 
of invertebrates and ascidians reviewed by Costello, where processes 
of o5plasmic segregation may be followed under the microscope, the 
eggs of amphibians are perfectly opaque. Following fertilization, one 
can detect sufficient changes at the egg surface to be sure that more im¬ 
portant rearrangements of materials must be taking place inside. How^- 
ever, when the egg is fixed and sectioned, one merely sees a heavy sus¬ 
pension of yolk platelets, with a small amount of cytoplasm scattered 
among these presumably inert materials. There is little to attract our 
immediate attention and to arouse our curiosity. 

It is no wonder that the study of the organization of the ampliibian 
egg in fertilization and cleavage was long neglected. Well in the fore¬ 
ground during the early days of Ejitwichlungsmechanik^ in the hands of 
Born, Schultze, Roux, and Spemann, it was pushed into the background 
by the sensational success of the transplantation method that may be 
applied to the egg in slightly more advanced stages. During the past 
few years, there has been a re\ival of interest in the initial stages of 
development- Ob^^[ously, to trace the origin of the already complex or¬ 
ganization at the blastula and gastrula stages is as important a task 
today as it ever was {cf. Harrison, 1945). 

The unsatisfactory state of our knowledge of the egg in its earliest 
stages is vividly portrayed by the fact that the revival of interest at once 
led to an animated controversy between different workers. Dalcq and 
Pasteels assume a relatively simple organization of the ovum at fertiliza¬ 
tion which becomes gradually more complex during cleavage. liolmiann, 
on tlie other hand, is convinced that the condition of the unsegmented 
egg is very similar to that of the beginning gastrula, with little change 
during segmentation. Although the two viewpoints appear to be funda¬ 
mentally different, they are likely to converge as more facts become 
knovm. 

To make matters worse, the professional language of the embryologist 
is full of ambiguous and, perhaps, outmoded terms that are bound to 
foster misunderstandings. Several eminent investigators have warned us 
against the dangers inherent in the use of such expressions as ‘determi¬ 
nation,“segregation,*'*’ “organ-forming substances,“organizers,*” etc. 

[ 684 ] 
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The list of terms ^Hhe use of which is not recommended,” to borrow 
Needham^’s phrase (1942), is growing all the time and may soon include 
most of those that have become dear to us through long association and, 
therefore, seem to be full of meaning, although it now appears that this 
meaning may not be exactly the same for all workers in the field. It 
seems doubtful that the solution to these problems of vocabularj" will be 
found in the introduction of a whole series of new terms. While some, if 
generally accepted, may help to clarify, others are bound to add to the 
confusion. As far as the organization of the ovum is concerned, the pri¬ 
mary need is for more and better established facts of sufiScient cominc¬ 
ing power to bring about more general agreement among diflferent \vork- 
ers on the factual level. 

Under these circumstances, it may be most profitable to review the 
overall picture of the organization of the amphibian ovum as it stands 
today, to point out the few accomplishments and the great gaps in our 
knowledge that still exist. Such a re\iew should comprise (i) the obser¬ 
vations on the visible organization of the egg, including both nuclear 
and cytoplasmic phenomena; (2) the experimental tests of the invisible 
organization of the cytoplasm; and (3) the results of experimental analy¬ 
sis of the nucleus in so far as they concern our problem. 

Visible Organization of the Amphibian Egg 

Nuclear Phenomena, At the very beginning of its career, the egg of al¬ 
most all salamanders passes through a crisis which might well prove to 
be fatal if it were not for the existence of a special compensating mecha¬ 
nism. In frogs and toads, fertilization is normally monospermic. If, under 
laboratory conditions, two or more spermatozoa are allowed to enter the 
egg, the supernumerary sperm nuclei dmde independently, at the same 
time as the diploid fusion nucleus. Cleavage is abnormal, leading to the 
formation of haploid, diploid, and mixed cells, and development comes 
to an end in embryonic or early lan’^al stages (Brachet, 1910, 1912; 
Herlant, 1911). 

In the majority of urodeles, on the other hand, fertilization is nor¬ 
mally polyspermic. Up to ten or more spermatozoa may enter the egg, 
depending on the species. During the first three hours, the internal de¬ 
velopments are similar to those in polyspermic frog'’s eggs and seem to 
predict certain disaster. However, at the critical time, as the principal 
sperm nucleus unites with the egg nucleus, the accessory sperm nuclei 
begin to show signs of degeneration. They may go on to prophase and 
even release the chromosomes, but the sperm asters do not divide, and 
the remnants of the accessory nuclei are soon pushed out of the way by 
the large asters of the diploid mitotic system (figure 1; Fankhauser 
1932a; Fankhauser and Moore, 1941a). The nature of the inhibiting 
factor is not known. It seems to spread from the vicinity of the dominant 
nuclear system. In any case, there must be a change in the cytoplasm 
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DIAGRAMS OF NORMAL FERTILIZATION IN TRITON 
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Figure 1. Diagrams of polyspermy in the European Newt, Triton. The egg is represented in side view, 
animal pole up; the nuclei, maturation spindle, and cleavage spindle at metaphase are greatly en¬ 
larged relative to the size of the whole egg. The asters are not enlarged. 

10 minutes after insemination (a< 2S'‘ C.): metaphase of second maturation division, penetration of 
four spermatozoa. 

1 hour 30 minutes: second polar body given off; small egg nucleus moves toward nearest sperm nu¬ 
cleus which will become the principal sperm nucleus. All accessory sperm nuclei develop normally. 
Differences in the size of the sperm asters are related to the amount of active cytoplasm present in 
the animal and vegetal hemispheres. 

2 hours 80 minutes: egg nucleus and principal sperm nucleus in contact. Maximum development of 
sperm asters. Accessory sperm nuclei still normtd. 

3 hours: fusion of egg and principal sperm nucleus; fading of sperm asters. Two small asters appear 
in center of principal sperm aster. Accessory sperm asters remain undivided. Accessory sperm nu¬ 
cleus nearest fusion nucleus shows signs of degeneration. 

3 hours SO minutes: metaphase of first cleavage mitosis. All accessory sperm nuclei degenerating. 
Note eccentric position of cleavage spindle. 

^ hours: early telophase of first cleavage mitosis. Note growth of asters at poles of first cleavage 
spindle which tends to center the mitotic figure and to push the remnants of accessory sperm nuclei 
out of the animal hemisphere. 


surrounding the accessory sperm complexes wliich blocks their division. 

We easily forget that both nucleus and cytoplasm are also involved 
in the fulfilment of another prerequisite of normal development, viz.^ 
the establishment of a mitotic apparatus that will assure normal cleav¬ 
age of the egg. Under normal conditions, the cycles of the nuclear and 
■cytoplasmic components of the mitotic system are perfectly coordinated. 
However, if we prevent the union of the egg nucleus and the principal 
sperm nucleus, by dividing the fertilized egg into two parts, or by elimi¬ 
nating one of the nuclei, the chromosomal and centrosomal cycles are 
frequently thrown out of gear. In fragments of salamander eggs, and in 
whole eggs following the removal of the egg chromosomes, the isolated 
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sperm nuclei show a whole series of abnormal mitotic phenomena: ab¬ 
sence or inactivity of the division center leading to a monaster; delayed 
division of the center; precocious dmsion producing multipolar figures; 
and, finally, the cytoplasmic component may go through the paces all 
alone and still be able to induce division of the cell body (figure 2; 
Fankhauser, 1934a; Fankhauser and Moore, 1941b). 
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Figure 2. Diagrams of various types of mitosis found in androgenetic egg fragments of Triton. In the 
absence of the egg nucleus, accessory sperm nuclei may divide. Frequently, the chromosomal and 
centrosomal cycles are out of gear. Several types of mitosis may be found in a single egg fragment. 

a, division of aster in complete absence of chromosomes. 

b and c, precocious division of sperm aster producing tetra- and tripolar figures. 

d, normal mitosis. 

e, delayed division of aster, at a time when the chromosomes had oriented their attachment points 
toward the single aster. Whole (split) metaphase chromosomes are distributed irregularly between 
the two poles. 

f, typical monocentric mitosis (monaster); aster remains undivided, chromosomes divide normally. 

g, abortive monaster (chromosomes fail to orient their centromeres toward the single pole and do 
not divide). 

h, sperm nucleus in prophase, no aster (later stages of "anastral” mitosis of sperm nuclei have not 
been found). 

i, degeneration of sperm nucleus without attempt at division. 


The egg nucleus, when isolated in a fragment of the fertilized egg, is 
in a more difiicult position since it is not normally associated with an 
active division center. A centrosome may arise, but it usually fails to 
divide. If no centrosome appears, the egg nucleus may remain in late 
prophase and grow to extraordinary size, or it may divide repeatedly by 
an anastral mitosis that looks as if it had been borrowed from a plant 
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cell (figure 3). It is important to note that this anastral form of mitosis 
also may induce cleavage (Fankhauser, 1937). Cell division itself, the 


Behavioh or Egg Nucleus in Gynohiehogo^y in Tjutoa^ 



b 


Figure 3. Diagrams of types of mitosis ia gynogenetic egg fragments of Triton (fragments of ferti¬ 
lized eggs containing the egg nucleus alone). 

a, normal mitosis of egg nucleus (very rare). 

b, abortive monaster. 

C| ** permanent” prophase with continued swelling of nucleus (twelve chromosomes^ the haploid 
number in TriUmt may be counted). 

d, four stages in anastral mitosis; meiaphabe: with short "spindle” formed by "half-spindle com¬ 
ponents” derived from nuclear sap; anaphase: stretching of spindle matenal, incomplete separation 
of chromosomes; fefopAose.* disappearance of spindle matenal (note similarity to amitosis); prophase of 
following mitotic cycle. 

e, degeneration of egg nucleus without attempt at division. 


most basic process of development, is an example of a phenomenon that 
was known, in the days of classical developmental mechanics, under the 
perhaps inadequate but illustrative name, ^^multiple assurance/’ 

In this connection, another observation should be mentioned wliich 
clearly shows how particular conditions in the ooplasm may control the 
behavior of the nucleus. Following x\. Brachet’b (1922) discovery of the 
peculiar reactions of the spermatozoa in immature sea urchin eggs, Ba- 
taillon (1929, 1934) described similar phenomena in eggs of Hyla and 
Triton, In immature eggs which contain the first maturation spindle, the 
spermatozoa do not form vesicular nuclei associated with large asters. 
Precociously, small chromosomes are released which are located on a 
single aster or in a small truncated spindle simulating the maturation 
spindle. The mitotic figures remain blocked in this condition until the 
egg dies. It is interesting that the same reaction may be obtained in 
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mature eggs if these are first made ^‘‘‘immature'” again by a two-hour ex¬ 
posure to carbon dioxide, 

CytoplasTtiic Phenomena, The primary polarity of the egg is clearly 
expressed in the ovarian eggs of most amphibians iu the distribution of 
superficial pigment and of the yolk platelets. From what we know of the 
origin of the animal-vegetal axis in eggs of invertebrates, it seems likely 
that it is present in the very young oocyte but initiated, or at least re¬ 
oriented, by some factor in the ovarian environment. It should be em¬ 
phasized, however, that the existence of such an external factor has 
never been demonstrated satisfactorily, contrary to the statements made 
in some textbooks. 

Dorso-ventral polarity, or bilateral symmetry, becomes \isible in many 
amphibian eggs after fertilization, when the grey crescent, which marks 
the position of the future dorsal lip, appears on one side, at or below the 
equator. Ancel and Vintemberger (1933) have shown that, in Ranafusca^ 
the formation of the crescent is connected with extensive shifts of ma¬ 
terials at the egg surface. 

In some species, even unfertilized eggs may show bilateral symmetry 
very clearly. According to Pasteels (1937), certain egg batches of Rana 
esculejita show an oblique pigment boundary, higher on the future dorsal 
side. The same phenomenon had been described earlier in^he axolotl, by 
Banki (1927,1929). During the formation of the grey crescent, the whole 
egg seems to rotate, raising the dorsal side still further. Ancel and Vin¬ 
temberger (1933) claim that this ‘^rotation’’ is a purely cortical phenom¬ 
enon and does not involve the whole mass of the egg. Banki (1929) also 
applied vital stain marks to the axolotl egg immediately after fertiliza¬ 
tion. Those on the ventral side remained localized, those on the dorsal 
side spread in the direction of the median plane during the formation of 
the grey crescent. 

If we are, thus, certain that bilateral symmetry may be present in 
the egg before fertilization, we also know that the median plane may 
still be shifted after insemination. In some species, like Ranafusca^ the 
position of the point of entrance of the sperm may have an important 
orienting influence, so that the grey crescent in most cases forms on the 
opposite side of the egg, as shown most recently by Ancel and Vintem¬ 
berger (1938d). In other anuran species, there is no constant relation 
between the point of sperm entry and the median plane {Ram escu- 
lenta^ Discoglosms\ Pasteels, 1937,1938). In urodeles, polyspermy would 
prevent a simple relationship. Even in selected monospermic eggs, the 
planes of fertilization and of bilateral symmetry do not coincide {Cryp- 
tohranchus^ Smith, 1922; axolotl, Vogt, 1926; Banki, 1927). 

The final position of the median plane may also be changed by an 
artificially imposed rotation of the egg. Ancel and Vintemberger (1938a) 
placed unfertilized eggs of Ranafasca on a slide in an oblique position, 
with the vegetal pole raised 135®. After fertilization and expulsion of 
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the perivitelline fluid, the eggs could respond to gravity and rotate un¬ 
til they reached the normal equilibrium position. When the grey cres¬ 
cent appeared, it was almost always located on the ^‘‘descending side’** 
of the egg, i.e.y on that side over which the vegetal hemisphere de¬ 
scended during equilibration of the egg. The same result was obtained 
when the rotation was imposed as late as 60 minutes after fertilization. Be¬ 
yond this time, it was without effect (Ancel and Vintemberger, 1938b, c). 
Further experiments showed that the effect of the first rotation may 
be reversed by a second rotation in the opposite direction, and that the 
orienting influence of the spermatozoon may be canceled by subsequent 
rotation (1938e). The observations were extended to Ita?ja esculenta and 
Triton alpestris (1938f) and, for Rana esculenta^ confirmed by Pasteels 
(1938). There is no doubt that, during the first hour follo\nng fertiliza¬ 
tion, an artificially imposed rotation of the egg can reorient the plane of 
symmetry. Later on, as the grey crescent begins to form, this treatment 
is no longer effective. It seems as if an easily displaced substance had 
now become fixed in a certain area. 

Microscopical study of sections through eggs before or after fertiliza¬ 
tion has long been neglected. Banki (1929) cut axolotl eggs in half along 
the median plane and saw a broad cortical zone in the animal hemi¬ 
sphere, surrounding a brownish central mass, while the vegetal hemi¬ 
sphere was largely occupied by white, hea\y yolk. During formation of 
the grey crescent, the cortical zone spread out considerably on the dorsal 
side and formed a thin layer. 

More recently, Lehmann (1941, 1945) cut formalin-fixed eggs of the 
axolotl in two and described a ring of pigmented, sub-cortical or “mar- 
ginaP’ plasm in the animal hemisphere which he identifies ^vith the mar¬ 
ginal zone of the gastrula, with the presumptive notochord-meso¬ 
derm area. This conclusion is based on the observation that the ring of 
marginal plasm may be slightly wider on one side. The investigation 
seems to be of a preliminary nature and should be extended to eggs of 
various species of amphibians before it can support far-reaching theoret¬ 
ical conclusions. 

LTndoubtedly, it would be much easier to understand the organiza¬ 
tion of the egg at fertilization if it could be traced to its origins during 
tlie growth period in the ovary wliich, in amphibians, may last for weeks 
or months. A highly promising beginning has been made with the aid of 
hibtochemical tests, particularly in the hands of J. Brachet (1944). The 
so-called plasmal reaction, first applied to eggs of axolotls by Voss, in¬ 
dicates the distribution of a special type of phosphatide which is fre¬ 
quently associated with ribose-containing nucleoproteins. In the very 
young oocyte, the reaction is limited to the ^^yolk nucleus,a concentra¬ 
tion of mitochondria, which later breaks up and forms a peripheral 
ring. It is interesting that the loci of synthesis of both lipids and pro¬ 
teins coincide with the areas containing plasmalogen. 

Ribose-nucleic acid is always present in the nucleoli of the germinal 
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vesicle; in young oocytes, the whole cytoplasm gives an intense reaction; 
later on, it is largely limited to a perinuclear ring. The germinal ^ esicle 
of the full-grown oocyte shows a high concentration of sulfhydryl com¬ 
pounds in the nuclear sap. Following the breakdown of the nuclear mem¬ 
brane, these compounds occupy roughly the same area as the ribose- 
nucleic acid. These substances spread out from the animal pole, de¬ 
scending, at first, more rapidly on one side, which seems to be the future 
dorsal side. At the beginning of gastrulation, they are concentrated 
particularly at the animal pole and in the dorsal lip of the blastopore. 
It is very tempting to connect the peculiar distribution of ribose-nucleic 
acid compounds with the origin of bilateral symmetry, although Brachet 
himself strongly emphasizes the hypothetical character of such a con¬ 
nection. 

Experimental Tests of Invisible Organization of Egg Cytoplasm 

Maps of Organ-Forming Territories. Although we are well informed 
of the prospective significance of the various regions of the blastula and 
gastrula, corresponding maps of the unsegmented egg have not been 
published so far, perhaps because of technical difiSculties involved in 
applying vital stain marks at suificiently early stages, before the cortical 
shifts described by Ancel and Vintemberger begin. Such maps would be 
extremely valuable in the analysis of the rearrangements of materials 
that take place after fertilization and dming early cleavage, as is clearly 
shown by Banki^s observations and by the studies on ingression which 
are discussed in detail in the paper by Dr. Nicholas. 

Effects of Gravity and Centrifuging. The effects of gravity on am 
phibian eggs have been studied repeatedly since the days of Pfluger, 
Schultze, and Bom, who turned frog’s eggs upside down and forced 
them to develop in this inverted position, either by compressing them 
between two slides, or by preventing the swelling of the jelly and the 
formation of the normal perivitelline space. The resulting embryos were 
abnormal, largely because of disturbances of gastrulation wloich often 
began at two different points. The observations have always been rather 
difficult to interpret because we do not know in sufficient detail how the 
various substances within the egg are redistributed under the action of 
gravity. Pasteels (1941), who recently inverted eggs at the time of fer¬ 
tilization, also seems to have limited his obseiwations largely to living 
eggs. On that basis, he constructed optical sections which indicate that 
the variable results may be explained by varying degrees of descent of 
the heavy yolk. In most cases, two blastopores are formed; no normal 
embryos appear, probably because gravity alone is unable, in the time 
available, to assure a complete reversal of the original orientation. 

However, if inverted eggs are centrifuged at 460 gravities for from 
one to five minutes, a complete reversal of the original animal-vegetal 
(= antero-posterior) axis may take place. G5istrulation is unitary, and 
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about one-half of the resulting embryos are perfectly normal, although 
their cephalic end corresponds to the original vegetal pole of the egg. 
Tlie complete reversal of the primary polarity of the egg by mild cen¬ 
trifuging makes it appear unlikely that polarity is determined primarily 
by properties of the egg surface, since the cortex does not seem to be 
greatly affected by inversion or centrifuging* 

Pastecls (1940b) also centrifuged eggs oi Rana fuscayfAxicYi were free 
to rotate and to orient themselves with the animal pole pointing cen- 
tripetally. Following centrifugation of two to three minutes, at 460 grav¬ 
ities, gastrulation was often normal* In spite of this fact, the axial organs 
were sometimes completely absent in all or part of the embryo. In some 
cases, the tail stiU contained an axial mass of recognizable somites while 
the trunk was completely unorganized beyond the formation of a mantle 
of mesoderm. Other embr 3 ms were completely anaxial although they 
differentiated numerous blood cells. 

If eggs are centrifuged after formation of the grey crescent, fewer 
embryos survive, but the resulting tadpoles may be completely normal. 
The formation of the axial organs, or organogenesis in general, is no 
longer inhibited. From these observations Pasteels concludes that, at 
the time of fertilization, the egg contains a substance of relatively low 
specific gra\ity which is a precursor of the active principle of the organi¬ 
zation center, called organisin. Perhaps this precursor is identical with 
the ribose-nucleic acid compounds which Brachet found in higher con¬ 
centration on the dorsal side of the egg. Centrifuged eggs actually show 
these compounds concentrated at the animal pole. Once the grey cres¬ 
cent has been formed, the precursor becomes fixed in a more cortical area 
and cannot be displaced by centrifuging. 

Pasteels (1940a), repeating still another old experiment, rotated eggs, 
following the formation of the grey crescent, through 135® and forced 
them to develop in this position by compression between two slides. The 
rearrangement of the materials is more uniform than after complete 
inversion, since the heavy yolk tends to sink doTO along one side of the 
egg. However, in its new position, it will have various spatial relations 
to the old grey crescent area. While the blastopore always appears at the 
boundary of the heavy yolk mass, its position is also influenced by the 
original location of the grey crescent. Very often, the point at which 
invagination begins seems to represent a compromise between these two 
forces. 

These experiments form the basis of a theory of development (Dalcq 
and Pasteels, 1937,1938; Dalcq, 1938) which recognizes two important 
features of the egg at fertilization; an animal-vegetative vitelline gra¬ 
dient, involving the whole mass of the egg, and a dorsal field limited 
to the cortex. As cleavage proceeds, an interaction between these two 
components takes place which is visualized as a simple chemical reac¬ 
tion producing different results at different points, because of the vary¬ 
ing concentration of the vitelline substance “V’’ and the cortical sub- 
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stance The products of this reaction would then create a field of 
“’morphogenetic potentialb’** which, in turn, would determine the fate of 
^ arioiis regions of the embzyo. 

This theory, which in its details is somewdiat more complex than the 
brief resume indicates, has the great merit of focusing our attention on 
the yolk material which is either not as inert as was formerly believed, or 
always associated with some other, active material. Also, it seems highly 
probable that interactions between the vitelline gradient and a more 
superficial dorsal ‘’Afield*’’’ play an important role in the earliest stages of 
development. The theory, which undoubtedly will be subjected to more 
experimental tests, has been criticized by Rotnmnn (1943) and Leh¬ 
mann (1945). The latter questions the existence of a true yolk gradient 
in the amphibian egg and claims that distinct masses of heavier and 
lighter yolk are present. In his opinion, the dorsal field is not cortical,- 
but sub-cortical or '"marginal."' It is very likely that continued investi¬ 
gations will bring about a rapj^ochement of these conflicting views. 

Isolation of Parts of Egg. The invisible organization of the cytoplasm 
of the egg before and during cleavage may also be studied by isolating 
parts of the egg, to test their developmenWl potencies. The interpreta¬ 
tion of the results obtained by such methods is somewhat simpler since 
it may be formulated in terms of the organizer concept. 

Spemann (1902) showed that eggs of Triton in early gastrula stages 
may be constricted within the jelly, by means of a loop of fine hah. 'WTien 
the loop divides the blastopore symmetrically, i.^., when the plane of 
constriction coincides with the median plane of the embryo, complete 
twins are formed. When the gastrula is constricted in the frontal plane, 
so that the dorsal and ventral halves are isolated, the dorsal embryo 
alone develops normally; the ventral one may gastrulate but fails to form 
any axial organs (somites, notochord, and neural tube). 

Similar results arc obtained by dividing the blastula or earlier cleav- 
age stage's, or by isolating the two blastomeres at the two-cell stage 
(Spemann, 1901; Spemann and Falkenberg, 1919; Ruud and Spemann, 
1922; Ruud, 1925). It is, thus, necessary to conclude that the dorsal and 
ventral sides of tlw' c‘gg ar(' already different from one another at this 
early stage. Spemann was inclined to believe that the future center of 
organizixtion becomes localized on the dorsal side of the egg before the 
first cleavage, perhaps at the same time as the grey crescent forms in 
eggs of other species of amphibians, i.c., about one to two hours after 
fertilization. 

However, if eggs of Triton paknatus ai'e constricted as early as twenty 
minutes after fertilization, we still obtain the same results: about one- 
fifth of the fmgments containing the diploid cleavage nucleus give rise 
to typical ventral embryos (FanWiauser, 1930b), a similar proportion as 
that produced in experiments on the two-cell stage. The ventral em¬ 
bryos may survive for several days and form mesenchyme, blood cells 
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and pigment cells, but no trace of notochord, myotomes, or neural tissue 
ever appears (fiotjue 4). This demonstrates that an impoitant difference 



Figure: 4 Section, alons: animal-vegetal a\is, through typical ventral embryo, developed from a 
diploid egg fragment of Triton palmatus 6 days old (control embryo shows well differentiated neural 
tube, gill buds, and indication of forelimb buds) The egg was constneted twenty minutes after insemi¬ 
nation Note presence of mesenchyme near animal pole, blood island (a typically "ventral** differenti¬ 
ation) near vegetal pole, irregular thickening of ectoderm, complete absence of axial organs 

in developmental potencies exists between the dorsal and \entral sides 
of the egg within a few minutes from fertilization. The formation of the 
grey crescent seems to be a secondary phenomenon which makes this 
difference clearly \isible in the eggs of some species. It is possible that 
the basic dorso-ventral differentiation is present before fertilization. 
However, attempts to obtain egg fragments by constriction of unfer¬ 
tilized eggs in the posterior part of the oviducts ha\e not been success¬ 
ful so far. 

There is no direct evidence that the dorsal area of the unscgnientod 
egg already has all the properties of the center of organization of the 
blastula or gastnila, that, on tmnsplantation, it could tit once in¬ 
duce formation of a secondary embryonic axis. Inductions ha\c been 
obttiined by bringing unsegmented eggs or J blastomeres in contact with 
ectoderm of young gastrulae for 30 to 35 hours (Mtiyer, 1939). Howe\ er, 
during this internal, the eggs developed at least to the blastula stage so 
that it is not possible to ascertain the exact time at which inducti\ e 
powers arise. As far as the analysis of the cytoplasmic organization is 
concerned, the fact that the dorsal half of the egg has the capacity to 
form an organization center while the ventral half does not, is in itself 
important enough. 

Experiments on the two-cell stage have the advantage that both cells 
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develop with identical, diploid nuclei and may sene as mutual controls. 
If the two hah es of the unsegmented egg are separated completely, both 




Figure 5 Drawings of cleavage of a partially conatncted egg of Triturus j iTtde*^nn% illustrating ”de- 
la.yed nucleation” of left-hand part Magnification about 14 times 

a, immediately after constnction (about 20 minutes after insemination) Small black spot in center 
of light aiea, to right of hairloop, indicates position of second maturation spindle Larger dark spot 
above this area marks point of penetration of a spermatozoon 

b, first cleavage of nght half containing egg and sperm nuclei 

c, second cleavage, one of the four cells connects with bridge, allowing its nucleus to enter 

d, third cleavage, the nucleus in the bridge has divided and caused formation of a cleavage furrow 
to the left of center of bndge One of the daughter nuclei (j e , one of the eight nuclei of the eight-cell 
stage) has entered the left half 

e, fourth cleavage, first division of left half 

f, blastula stage, delay in beginning of cleavage of left half is clearly indicated by larger siae of the 
cells 


may develop because of the presence of supernumerary sperm nuclei. 
In rare cases, following constriction in the median plane, one may ob¬ 
tain twin larvae, one diploid, the other haploid. However, for our pur¬ 
poses, it would be ad^antageous to supply both hahes with identical, 
diploid nuclei, Spemann (1914,1928) showed that this may be done by 



Figure 6. Neurula stage of egg that was partially constricted in future median plane, 
shortly after fertilization. Normal twin embryos. Difference in time of beginning 
of deavage of the two halves is still clearly shown. Magnification about 25 times. 



Figure 7. Neurula stage of another egg that was constricted in future frontal plane. 

Dorsal half develops normally, ventral half unable to form axial organs (right). 

sperm nuclei is usually inhibited in both luilves of a pai*tiallv constricted 
ega:, as long as the connecting bridge remains wide enough (Fankliauser, 
1926, 1930b). 

The experiment has been repeated many times with eggs of different 
species, Trlturus viridescens (figure 5; cf. Fankhauser, 1932b). 
Cleavage begins in the half containing the fusion nucleus. Sooner or 
later, depending on the diameter of the connecting bridge, a descendant 
of the original nucleus will enter the bridge and dhide there, as may be 
seen from the formation of a cleavage furrow. One of the daughter nuclei 
moves into the center of the uncleaved half and initiates a delayed cleav¬ 
age which proceeds normally. As in experiments on the two-cell stage, 
one may obtain normal twins (figure 6), or one normal and one ventral 
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embryo (figure 7). If the connection between the two parts of the egg is 
maintained during gastrulation, a double-headed monster may result 



Figure 8. Two-headed larva developed from partially constricted egg, shown 
in neunila stage in figure 6. 39 days old. Magnification about 14 times. 

(figure 8). If the bridge breaks, or is severed artificially by tightening of 
the hairloop, two normal, though slightly asymmetrical larvae may be 
produced (figure 9). 

Furthermore, following both complete and incomplete constriction 
of unsegmented eggs, a wliole series of intergrades between ventral and 
normal embryos makes its appearance: embryos with weak axial organs, 
larvae with microcephaly of various degrees (figures 10 and 11), larvae 
'with strong unilateral defects limited to the head or tnmk region 
(Fankhauser, 1930b, 1932b; Streett, 1940). This may be explained by 
the obser\"ation that the plane of constriction may form any angle with 
the invisible median plane of the egg so that the future center of organi¬ 
zation is distributed between the two lialves in various proportions. If 
eggs are constricted very lightly follo'vving fertilization, so that they are 
immobilized within the jelly capsule, the relation between the plane of 
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constriction and the plane of sjnimetrT may be determined at the time 
of appearance of the blastopore. Twenty-two eggs of Tiiturus viridea- 



Figure 9 Control lar\a and twins produced by partial constnction of unseg- 
naented eg* in median plane The connection between the two halves of the egg 
broke after gastrulation Note smaller size of eye, balancer, and forelimb bud on 
nght side of left-hand twin, smaller size of left forebmb bud of nght-hand twin 

cens tested in this blio\sed the following positions of the hairloop; 


in median plane S 

small angle ith median plane 4 

oblique b 

small angle ^\lth fiontal plane 3 

in frontal plane 4- 


On the basis of the rebultb of experiments on the eailj gastrula stage, 
where the distiibution of the dorsal lip area betw een the tw o hah es may 
be obser\ ed directly, an egg fragment with a small lateral portion of the 
organization center would be expected to develop into a micro-axial or 
microcephalic embryo, while a fragment obtaining approximately one- 
half of the center would gi've rise to a “’left” or a “right**’ lar\a with 
sUght unilateral defects. The similarity of the types of abnormal em¬ 
bryos produced by halves of the unsegmented egg and of the gastrula 
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raises the question to ^\hat extent regional differences in the future 
center of organization may be present at fertilization. 



Figure 10 Conti ol Urva and twins developed from an egg that was constricted in an 
oblique plane, disti ibuting area of future organization center unequally between the two 
halves One twin normal, the other microcephalic and more retarded in development 


One more abnormality must be mentioned. Following median or 
nearly median constriction of the egg, the ^‘‘left’’ twin, chai’acterized by 
\ arious degrees of underde\ elopment of its right side, always has the 
heart and \ibcera in their normal position. Among the ^‘’righf’ twins, 
about 60 per cent show complete situs inversus. Reversal of asymmetry 
occurs whether the diAision of the egg takes place in cleavage or blastula 
stages (Spemann and Falkenberg, 1919), or shortly after fertilization 
(Fankhauser, 1930b). This indicates strongly that the typical asymmetry 
of the \ertebrate body may be traced back to some slight difference in 
the invisible organization of the right and left halves of the egg at fer¬ 
tilization. 

In the early days of experimental embryology, it was customary to 
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make a sKarp distinction between the eggs of Amirans and those of 
Urodeles. The former were supposed to show more “’mosaic’” organiza- 



FlGURB 11. Dorsal and ventral views of a highly microcephalic larva developed from an egg 
fragment. The twin embryo was lost. Single balancer in ventral midhne, between eyes. 

tion., the latter to be examples of the ‘•‘’regulative’’’’ type. Although there 
undoubtedly exist differences in the degree of self-differentiation and of 
regulation between eggs of even closely related species of amphibians, 
there is no such clear-cut division between those of the two orders. Once 
the technical difficulties >vere overcome, Schmidt (1933), working in Spe- 
mann^'s laboratory, could shoiv that constriction of eggs of Bomhinator 
and of Rana produces essentially the same results as that of newis’’ eggs. 

Wldle differences along the dorso-ventral axis are well established, 
those along the animal-vegetal axis liave hardly been investigated. We 
need more information on the potencies of the isolated micro- and mac- 
romeres of the eight-cell stage, and of animal and vegetal fragments of 
unsegmented eggs and of cleavage stages, in extension of the work of 
Votquenne (1933), Vintemberger (1934,1^6), Streett (1940), and Sta- 
bleford (1939). Such experiments are particularly important since tests 
of the blastula and gastrula stages have demonstrated a considerable 
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capacity for self-differentiation on the part of the presumptive endo- 
derm. Furthermore, there is the possibility of an early segregation of 
some material essential for the formation of the germ cells which, accord¬ 
ing to Bounoure (1934), takes place near the vegetal pole of the frog’s 
egg before cleavage begins. 

Analysis of the Nucleus 

A discussion of the organization of the amphibian egg at the begin¬ 
ning of development would be verj" incomplete without a consideration 
of the nucleus and chromosomes. In recent years, geneticists have be¬ 
come increasingly interested in the cytoplasm of the egg, for several 
reasons. First, it is in the cytoplasm that most of the genes produce their 
effects. Second, presence of certain essential substances in the cytoplas¬ 
mic substrate in limited amounts may explain some special phenomena, 
like competition between genes. Finally, the recent work of Sonnebom 
(1943) and Spiegelmann (1946) and others calls for the presence, in the 
cytoplasm, of self-reproducing units of nucleo-protein nature, probably 
derived from genes, which control the synthesis of proteins and enzymes. 
It is obvious that the embryologist, in turn, can contribute to the syn¬ 
thesis by payng more attention to the possibilities of experimenting 
vith the chromosomes of the egg. I should like to mention briefly some 
lines of approach that may be followed: 

a, Spemann’s experiments on partial constriction demonstrated that 
a single nucleus of the eight- or sixteen-cell stage, which migrates into 
the non-nucleated half, is sufficient to initiate normal development of 
that half. Would a single nucleus of a more advanced stage, perhaps of 
an embryo, still be able to take the place of the normal fusion nucleus? 
Rostand (1943), repeating an experiment of Bogucki’s, smeared unfer¬ 
tilized eggs of Rana fusca with embryo pulp obtained from a gastrula, 
then punctured them with a needle to induce parthenogenesis. Un¬ 
smeared control eggs gave the usual small number of dwarfed, unviable, 
haploid larvae. Smeared eggs produced similar tadpoles, but also a num¬ 
ber of more vigorous larvae of normal size wliich survived for three to 
six weeks and were possibly diploid. Rostand suggests that, in these 
cases, a nucleus from one of the gastrula cells on the surface was dragged 
into the egg by the stylet and took over the functions of the cleavage 
nucleus, replacing the egg nucleus. It would be interesting to repeat the 
experiment on a larger scale and to work out the cytological details. 

h. We know from observations on androgenetic salamander eggs and 
egg fragments that cell division may proceed in the complete absence of 
chromosomes. A blastula may be formed which includes large areas of 
non-nucleated cells containing actively dividing asters. Such eggs do 
not survive gastrulation (Fankliauser, 1934a; Fankhauser and Moore, 
1941b). Thus, we know that the presence of chromosomes is necessary 
for normal development from this stage on. Other observ^ations show 
that the requirements of the egg are more precise. From the time of gas- 
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trulatioxi on, it needs at least one complete, balanced set of cliromo- 
semes. In the absence of the egg nucleus, sperm nuclei frequently form 
multipolar mitotic figures which result in abnormal distribution of chro¬ 
mosomes. With such varied, unbalanced sets of chromosomes present in 
different cells, development again comes to a standstill at the gastrula 
stage (Fankhauser, 1932b, 1934b; Kaylor, 1941). 

On the other hand, complete sets of chromosomes may be subtracted 
or added \vith relatively slight effect on early development. Essentially 
normal development to" early larval stages may take place in newts and 
other salamanders with amnvhere from one to five sets of chromosomes, 
in spite of the fact that nuclear and cell size change in approximate pro¬ 
portion to the chromosome number (review in Fankhauser, 1945). 
Within a iride range of cell sizes, organogenesis is independent of the 
size of the individual building units. 

c. The role of the chromosomes in development may also be studied 
by suitable crosses between various species of amphibians, some of 
which lead to an early arrest of development. As an example, we may 
mention the results of the genus cross between Triton palmatiis and 
Salamandra maculosa^ studied in Baltzer’s laboratory by Schdnmann 
(1938) and Liithi (1938). Development invariably stops at the gastrula 
stage, when cells begin to die in various regions until the whole egg 
breaks up, although some cells still appear normal at this time. Signs of 
a lethal effect may be detected in the early blastula, when chromosomes 
frequently lag at anaphase and telophase. Obrtously, there is some in¬ 
compatibility between the Salamandra chromosomes and "thRix pdlmatiLS 
environment which makes further development impossible. However, if 
a healthy piece of a hybrid gastrula is transplanted to a normal Triton 
gastrula, it may suivfive and form a harmonious part of various organs, 
such as the hindbrain and ear, with all the associated cartilages and 
muscles- Although other interpretations are possible, it seems likely that 
the cells of the transplant, although still normal at the time of the trans¬ 
fer to the normal host, were destined to die soon because of their hybrid 
constitution. Following transplantation, some factors residing in the 
healthy tissues of the host enabled the cells of the graft to overcome 
their inherent deficiency. Such stimulating effects of the adjacent nor¬ 
mal host tissues have been demonstrated conclusively by Hadoim (1935, 
1937) in cliimaeras composed of parts of unviable merogonic hybrids 
and of normal embryos. 

d. Time does not permit us to discuss in detail the experiments on 
hybrid androgenesis in which the maternal chromosomes are eliminated 
following cross-fertilization between two species. One should mention, 
at least, Hadorn’s (1936) now classical experiment because it has a bear¬ 
ing on our interpretation of the cytoplasmic organization of the egg. 
In an embryo the cells of which contain cytoplasm of Triton paLmaius 
and haploid nuclei of Triton crisfaiits^ an incompatibility manifests it¬ 
self soon after the closure of the neural folds, primarily in the head mes- 
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oderm. All embryos die at this stage (Baltzer, 1930). If a large piece of 
presumptive epidermis is taken from a still healthy embryo in the gas- 
trula stage and transplanted to a normal gastrula of a third species, 
Triton dlpestris^ it will survive for months, until the host completes 
metamorphosis. At that time, specific characteristics appear in the epi¬ 
dermis. In Triton cristatus^ the surface is smooth, while in Triton palma- 
tiLS it shows toothlike projections formed by rows of flattened cells. The 
hybrid skin, with chromosomes of Triton cristaius and cytoplasm of 
Triton pahmtus^ shows the structure of the maternal species. This indi¬ 
cates that this characteristic was determined very early, while the egg 
was still in the ovary, under the influence of the maternal gene complex. 
The cytoplasm of the egg at fertilization would then contain some ele 
ment which is responsible for the development of the characteristic skin 
pattern several months later. The recent %vork of Porter (1941) and of 
Moore (1946) on reciprocal hybridization and hybrid androgenesis be¬ 
tween different local forms of Rana pip tens shows that other characteris¬ 
tics, appearing earlier in development, may also be influenced by the 
constitution of the cytoplasm of the egg. 


Conclusions 

The organization of the amphibian egg at fertilization, as it is knowm 
today, includes at least the following features: 

(1) There must be a basis for the primary animal-vegetal polarity 
which may be connected, at least in part, with the distribution of yolk 
and associated substances rather than the properties of the egg surface 
alone, since the direction of animal-vegetal polarity may be completely 
inverted by centrifuging. 

(2) There must also be a material basis for the bilateral symmetry of 
the embryo, Le.^ the dorso-ventral polarity, which is certainly present 
within a few" minutes after fertilization, and may exist before. The direc¬ 
tion of this axis may be shifted by secondary factors, such as a rotation 
imposed on the egg before the end of the first hour or, in some species, 
by the point at which the sperm enters the egg. There are indications 
that the dorso-ventral organization may be connected 'with the early 
localization of sulfhydryl and ribose-nucleic acid compounds derived 
from the germinal vesicle or from the cytoplasm surrounding it. These 
compounds, in turn, may be essential for the functioning of the future 
organization center, and for organogenesis in general. 

(3) The typical asymmetiy" of the vertebrate body, which is expressed 
later in the position of the heart and viscera, also seems to be foreshad¬ 
owed in the organization of the ooplasm. The nature of this factor is en¬ 
tirely unkno\vn. 

‘ (4) The structure of the egg may be still more complex because of the 
presence of regional differences in the fiiture organization center or in 
the presumptive endoderm. 
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(5) There are many indications of early interactions between cyto¬ 
plasm and nucleus, for instance, the inhibition of the supernumerary 
sperm nuclei in the urodele egg, the normal coordination between chro¬ 
mosomal and centrosomal cycles of mitosis, and the peculiar reaction of 
the spermatozoa in immature eggs. All these adjustments are essential 
for the realization of normal cleavage. 

(6) Slightly later, at the time of gastrulation, interactions between 
genes and cytoplasm assume importance, as is shown by the results of 
abnormal distribution of chromosomes tlirough multipolar mitosis and 
by many hybridization experiments. 

'(7) Observations on reciprocal hybrids and on hybrid androgenesis 
show that various characteristics, appearing early or late in develop¬ 
ment, may be influenced by the constitution of the cytoplasm of the egg. 
The organization of the egg at fertilization may thus be complicated by 
the presence of components that are responsible for the appearance of 
such maternal characteristics. 

(8) It is doubtful that we shall reach a real understanding of the al¬ 
ready complex organization of the egg at fertilization unless we make a 
determined effort to trace its origins back into pre-fertilization stages, 
to the growing oocyte in the ovary. During the weeks or months which 
the oocyte passes in its follicle, the foundations of the future individual 
are laid down while all ’visible signs point to intense metabolic acti\ity. 
Even the chromosomes take time out from their preoccupation with 
meiosis and undergo the profound and peculiar changes resulting in the 
still poorly understood ‘‘'lampbrush*'*’ appearance, because they also are 
taking part in the synthesis of the elements of a new indi\iduai that will 
resemble the old. The young germ should be in an ideal condition to re¬ 
spond to some of the old questions of the embryologist. To be sure, it is 
less accessible to experimental procedures than it Avill be later on, but it 
may not prove to be as unapproachable as it is commonly supposed to be. 
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Discussion of the Paper 

Dr. Robert Chambers York University^ Xew York, X, J’".): 

I wish to continue the point I raised in the discussion of Dr. Costello’s 
paper in which I suggested that the sperm or monaster in many marine 
eggs may be concerned with the reorientation of formative stuffs. The 
monaster in the larger and more highly lecithal amphibian egg does not 
develop to the extent that it does in the echinoderm egg in which the en¬ 
tire egg substance is involved. Is it possible that the lack of a sufficiently 
extensive aster permits dislocation in these large eggs by fragmentation, 
or by abnormal sedimentation, or centrifugation to upset the organiza¬ 
tion pattern? 

Dr. L. T. Stableford {Department of Biology^ Lafayette College^ Eas¬ 
ton^ Peymsylvayiid)-. 

There is evidence from the cytological observations of Schultze, Hib¬ 
bard, and others that the polarity of the amphibian egg is determined at 
an early stage of the o5cyte since vitellogenesis is initiated excentrically 
in that portion of the oocyte which later becomes the vegetal hemi¬ 
sphere of the egg. With tliis in mind, I would suggest that the relation 
between yolk and cytoplasm in the egg is more than ‘^gravitational,” 
that it is, rather, intimately structural. 

This concept of a yolk-cytoplasm complex in the vegetal hemisphere 
runs contrary to the conclusions commonly drawn from inversion and 
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centrifugation studies. It is usually assumed that, when the egg is in¬ 
verted, the yolk spherules change position under the influence of gravity 
and mechanically force a reorganimtion of the egg. It should be pointed 
out, however, that this experiment involves, in addition to gravity, the 
effect of mechanical pressure since the egg must be compressed between 
glass plates or in a tube to invert it. Granting that Pfliiger showed pres¬ 
sure itself to be wthout effect on the development of the egg, it seems 
reasonable to sugge.st that the combination of pressure and gravity dis¬ 
turbs the structure of the egg so radically that the shifted material is 
actually a yolk-cytoplasm complex. 

Further eAidence for a yolk-cytoplasm complex as a structural com¬ 
ponent of the egg comes from the work of Todd in 1940. He indicated 
that, %vhen the amphibian egg is centrifuged, there is first a movement of 
liquid material to the animal pole of the egg and that this material flows 
between the large yolk spherules; it is apparently only when the centrif- 
uga.1 force is strong that the characteristic packing of yolk at the vege¬ 
tal pole occurs. 

I bring up this idea of a possible yolk-cytoplasm complex mainly to 
call attention to the internal portions of the egg since interest seems to 
be centering almost exclusively on the cortex or surface coat at present. 

Dr. G. FANKH.icsEa; 

In reply to Dr. Chambers, let me say that observations on eggs of 
several species of amphibians have shown that the fuUy developed sperm 
aster is A ery large and may extend through the entire animal hemi¬ 
sphere. HoweA’er, the maximum size is not reached until tAvo and a half 
hours after fertilization (in e^s of neAvts). While the growth of the 
sperm aster thus may be an important factor in the rearrangement of 
certain e^ materials, there is no direct eAidence that it is instrumental 
in the segregation of developmental potencies in different parts of the 

egg- 

The Aiews expressed by Dr. Stableford are in general agreement Arith 
those developed by Dalcq and Pasteels, who emphasize the actiA'e role 
of the “yolk’’ in early development. Future inA'estigations of this prob¬ 
lem should include a more exact determination of the roles played by 
the material of the yolk platelets themselves and bv other substances 
that might be closely associated Avith these bodies. 



SIGNIFICANCE OF THE CELL MEMBRANE 
IN EMBRYONIC PROCESSES 


By JOHANNES HOLTFEETER* 

Biolog\j Department^ Unlcersity of Rochester^ Rochester^ S, Y, 

E MDENCE of the embryological significance of the cell membrane 
may be derived from a consideration of this structure in connec¬ 
tion with the following phenomena: cellular permeability, amoeboid mo¬ 
tility, morphogenetic movements, cytoplasmic di'V’ision, selective adhe¬ 
siveness, cell polarity, and cellular differentiation. It is clear that such a 
wide range of phenomena cannot be discussed exhaustively mthin the 
frame of the present renew. The aim of this paper is, therefore, to give 
not more than a tentative synopsis of the embiyological functions of the 
cell membrane and to discuss the physico-chemical and physiological 
properties of this structure only as they may serve this purpose. This 
paper will mainly be concerned with observations on amphibian develop¬ 
ment, although it is realized that some of the phenomena to be touched 
upon have been more thoroughly investigated in other forms, such as 
the echinoderms. The discussion will include numerous unpublished ob¬ 
servations. 


Functions of the Coat in the Amphibian Egg 

Physico-Chemical Properties of the Coat. The array of protective en¬ 
velopes investing a fertilized amphibian egg resembles that described for 
the sea urchin egg by Chambers (1938, 1940). Apart from the external 
gelatinous layers and the vitelline membrane, the amphibian egg and its 
subsequent stages are covered by a film, or coat, which is firmly attached 
to the underlying cell membrane and which seems to be comparable to 
the hyaline layer in echinoderm eggs. The integrity of the coat requires 
the presence of small amounts of calcium in the immersion fluid (Holt- 
freter, 1943a). Amphibian embryos which are placed in an isotonic solu¬ 
tion lacking calcium ions fall apart into single cells, and a mucilagiaous 
substance passes into solution. Similar mucus formation and disaggrega¬ 
tion occur when the pH of the balanced salt solution is raised above 9.6 
or lowered below 4.2, or when solutions of sodium citrate or oxalate are 
applied. As in the case of disintegrated echinoderm blastomeres, the am¬ 
phibian cells reaggregate and surw^e the treatment if, within a restricted 
period, calcium is restored to the external medium. A new coating sub¬ 
stance may be secreted by the outermost surface of the ectodermal and 
endodermal cells. 

♦ In dedicating this paper to Professor K. von Frisch, I am expressing my great admiration for his 
scientific work, and my indebtedness to him for the inspiration and kind assistance I received while 
1 was a member of his former Zoological Institute at Munich. 

l 709 ] 
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In fc»ea urchin eggs, the hyaline coat e^'idently consists of proteins. Ex¬ 
cess of calcium in the sea water renders this layer rigid and insoluble, 
wliile acidulated sea water (pH 3.5) makes it disappear (IMoore, 1928). 
The hyaline layer is furthermore attacked by trypsin, and it is nega¬ 
tively birefiringent in the radial direction, indicating the presence of tan¬ 
gentially oriented protein micells (Runnstrom, Monne, and Broinan, 
1943). Based upon the data on the susceptibility of the coat in ampliib- 
ian embryos to acids, bases, and calcium-free solutions, it may be as¬ 
sumed that here, too, proteins constitute the essential components of 
tlxis structure. Alcohol and other protein coagulants render the coat 
brittle. 

Dissection experiments on Ihing amphibian embryos show that the 
coat is apparently not a li\ing and indispensable part of the egg and of 
the epithelia deriving from the egg surface. WTiile covering and inter¬ 
connecting the peripheral cells as a syncytial layer, the coat, where it 
formas intercellular bridges, can be drawn out between glass needles into 
long contractile threads which may be cut off without affecting in any 
way the \’iability of the attached cell. The surface of the coat is nor¬ 
mally semi-solid and non-adhesive, capable of forming -wrinkles when 
stretched, and being in the linng egg in a state of elastic tension. Be¬ 
cause of these properties, the coat represents the essential structure 
which unites the blastomeres into a closely packed body. 

As compared ^nth the proximal, uncoated side of the surface epithelia, 
the coated cell surface is considerably less permeable to water, electro¬ 
lytes, and yarious toxic substances. Whereas whole embryos, or embry¬ 
onic fragments, which are entirely covered by a layer of coated cells can 
be cultured for long periods in strongly hypotonic media containing 
traces of calciiun, uncoated fragments cytolvze in it within a short time. 
Uncoated cells also show an enhanced susceptibility to hypertonic solu¬ 
tions and vital dyes. It is this reduced permeability of the surface layer 
which enables the amphibian egg to develop normally in tap water. 

A protective coat does not seem to exist in the ovarian eggs of the 
frog, since isolated eggs of this stage die rapidly in various solutions 
which do not impair the \'iability of mature eggs. On the other hand, 
overripeness is associated vdth a softening of the egg surface, which is 
reflected in its reduced resistance to centrifugation and its reduced 
capacity of closing wounds. It is not unlikely that the abnormal cleav¬ 
age and gastnilation patterns observ'ed in fertilized overripe frog’s eggs 
(\\ itschi, 1930; Briggs, 1941) are predominantly due to a partial disin¬ 
tegration of the egg surface, invoking probably both the coat and the 
underlying plasma membrane. 

SusceptibUify to Mechanical Agitation. This double layer disintegrates 
readily when disturbed mechanically. The susceptibility can be demon¬ 
strated by placing a number of fertilized frog’s eggs, with all their cov¬ 
erings intact, in a bag of cheesecloth and letting a quick succession of 
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water drops hit the external jelly of the eggb. If the drops fall from a 
height of not more than about 10 cm., the eggs suddenly swell strongly 
and disintegrate within an hour. It is surprising that the eggs succumb to 
the rhythmic percussions wliile they are still enclosed in their protecth e 
envelopes and \rithout being visibly deformed by the impact of the fall¬ 
ing drops. The observation recalls the early experiments of Daroste 
(1891) which have recently been taken up by Landauer and Baumann 
(1943), and which showed that shaking of unincubated chicken eggs 
tends to produce drastic developmental abnormalities. Faure-Fremiet 
(1932) and Battle (1948) found that the eggs of various fishes become 
rapidly liquefied or develop abnormally when mechanically agitated. 
Similar liquefying effects of shaking or other mechanical irritations 
have been observed in Protozoa, bacteria, erythroc\i:es and other cells 
(Koelsch, 1902; Angerer, 1936; Chambers, 1924). Frequently, death of 
the cells is preceded by the formation of hyaline blisters and by consider¬ 
able SAvelling, which suggests that disintegration is initiated by a molec¬ 
ular disarrangement of the surface membrane, producing at first in¬ 
creased permeability, and subsequently breakdown (see p. 731). 

tUgyiiJicance of the Coat hi the Process of Gastrulation, When the cells 
of an amphibian gastrula enter into the phase of morphogenetic move¬ 
ments, it is in the first place the investing coat which integrates the 
amoeboid activity of the individual cells into the coordinated and s}ii- 
chronized movements of entire germ layers (Holtfreter, 1943b, 1944). By 
virtue of this superficial elastic sheet which cenients the peripheral cells 
together into a continuous layer, gliding movements of the cells in any 
region of the gastrula are transmitted to adjacent regions. Similar effects 
of a tangential pull can be observ’ed in a layer of ectoderm which is pro¬ 
ceeding to close in on a wound inflicted to this layer. It should be em¬ 
phasized, however, that the motiv’e forces for the gastrulation movements 
of spreading and invagination cannot be ascribed to the properties of 
the coat, but originate within the living cells proper. Embryonic cells 
which are not held together by a syncytial coat are perfectly capable of 
spreading over an organic or inorganic substratum, and they will slip, 
singly or in groups, into the depth of a layer of endoderin with which 
they have been brought into contact. The coat merely regiments these 
amoeboid movements so that they become collective events. Actually, 
the tensile strength and contractility of this structure counteract the 
movements of invagination. Cells which migrate singly into the interior 
of a gastrula can do so only by detaching themselves from the coat. 
Wlxere such a detachment does not occur, the invaginating cells become 
stretched into cylindrical or even filiform bodies, which, through their 
combined efforts, draw the coated surface inward in the form of an 
archenteron or other cavities. 

It follows from the above considerations that agents which reduce the 
tensile strength of the coat, or remove the layer altogether, will have 
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drastic effects on the morphogenetic movements, although in\ agination 
will not necessarily be suppressed. Agents having such a dispersive or 
liquefying effect on the coat have already been mentioned; they are salt 
solutions which are hypertonic, or free of calcium, or have a pH above 
9.6 or below 4.4. The suppressive effect of lithium on the morphogenetic 
movements in amphibian embryos does not seem to differ markedly 
from that of other monovalent cations. 

A weakening of the coat results in exogastrulation. The movements 
most inhibited are the epiboly of the ectoderm and the involution of the 
endoderm, i^hereas the mesodermal tissues freely invaginate into the 
interior of the endoderm (Holtfreter, 1933). Ectoderm, when its coat has 
been removed or has lost its original non-adhesiveness, may even become 
embedded ^vithin the endoderm. Morgan (1903), by applying hypertonic 
solutions of lithium chloride, obtained such a partial inversion of the 
germ layers in frog embryos. In a similar way, by making use of the coat¬ 
dissolving action of sodium citrate (hypo- to hypertonic solutions), the 
writer was able to produce frog gastrulae in which the entire ‘■^ecoated” 
ectoderm, together with the mesoderm, sank into the interior, while the 
endoderm became the exteraal layer of the whole embryo. 

Exogastrulation can be brought about either by culturing pre-gas- 
trula stages permanently in solutions hanng only a softening effect upon 
the coat, or by subjecting the early gastrula for a brief period to media, 
such as alkali or sodium citrate, which produce an immediate and total 
breakdoTO of the coat, then returning them to physiologically normal 
conditions. The idea of Jenkinson (1906) that hypertonicity of the ex¬ 
ternal medium is not the sole agent which causes exogastrulation, is 
strongly supported by these experiments where the agents were applied 
in hypotonic solutions, and where the treatment lasted not longer than 
15 to 20 minutes. This gave the disaggi'egated cells full opportunity to 
reestablish the continuity of the embryo and to continue differentiating. 

It would be unwise to attempt an explanation of the whole exogastru¬ 
lation syndrome in terms of a weakening or dispersal of the coating sub¬ 
stance. However, it is reasonable to assume that the integrity of the coat 
is at least one of the most important factors safeguarding the normal 
display of the movements of gastrulation and neurulation. 

Fate of the Coat in Later Stages of Development. In consequence of the 
infolding of all except the prospective epidermal areas of the egg surface, 
the coat is partly carried into the interior of the embrj^o and there trans¬ 
formed into the inner linings of the intestinal epithelium, of the neural 
tube, and possibly of the kidney tubules. In this new position, the sur¬ 
face layer appears to retain its original non-adhesiveness, thereby pre¬ 
venting a fusion of the tubular walls at places where they touch each 
other. On the other hand, the somite-notochord material which origi¬ 
nally forms part of the egg surface seems to lose the coating substance, 
since after haring invaginated it breaks up into tissues which are entirely 
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adhehi\e. Pieces of gastrula ectoderm, when grafted into the mesen¬ 
chyme of older hosts, may either retain their epithelial continuity form¬ 
ing cy^tb, where the coated surface is turned inside, or they, too, break 
up into cell strands which have no apparent proximo-distal polarity, are 
adhesive, and disperse within the host tissues. 

During the course of development, the coated surface of the epidermis 
undergoes a progressive hardening, a process which can be demonstrated 
by subjecting tissues of different developmental stages to the tension at 
the interface between air and aqueous media having different surface 
tensions. Such experiments show that the resistance of the coated ecto¬ 
derm to being tom apart by the interfacial forces increases considerably 
after the end of neurulation, and that already in younger stages the co¬ 
hesion of the coated surface is markedly stronger than that of the inner, 
uncoated surface of the epithelium (Holtfreter, 1943b). Ectoderm cells 
which are isolated singly in physiological salt solution acquire, within a 
few days, an entirely rigid and non-adhesive surface. At the same time, 
their amoeboid motility disappears, while their ciliary movements con¬ 
tinue. This solidifying effect of the external medium is further exempli¬ 
fied in those ectoderm cells which, in a normal embrj^o, move from deeper 
layers into the outer sm'face epithelium, where they acquire the charac¬ 
teristics of coated cells. 

It seems reasonable to suppose that the progressive hardening of the 
epidermal surface is largely a result of the progressive formation of in¬ 
soluble calcium proteinates, since the length of time required to disinte¬ 
grate the surface coat in a given concentration of potassium oxalate, of 
sodium citrate, or of sodium chloride, increases with the developmental 
stage of the embryo. Swimming larvae can no longer be disintegrated by 
these methods, indicating an insoluble and possibly denatured state of 
the surface proteins. 

Observations on the Properties and Functioyis of the Cell Membrane 

The eggs of various animals, for instance those of some Nematodes 
(Spek, 1918) and of the trout (Yamamoto, 1940), before or after the on¬ 
set of the cleavage process, exhibit undulating or rotating movements of 
their surface. In the oocyte stage, some eggs, such as those of echino- 
derms, may form pseudopodia of various shapes, particularly under the 
influence of penetrating spermatozoa, or of chemicals with parthenoge- 
netic properties (Seifriz,1927; Runnstrom,1928; Runnstrom and Monne, 
1945; Harvey, 1938). Intact ampliibian eggs do not seem to perform sur¬ 
face movements although, under abnormal conditions, an unfertilized 
frog’s egg may form local bulges and papillae which tend to become 
pinched off by constriction (Holtfreter, 1946a). This inertness of the am¬ 
phibian egg may be the result of mechanical restraint exerted by the 
relatively tough coat. On the other hand, the uncoated side of the blas- 
tomeres, facing the interior of a morula or blastula, is normally endowed 
with filiform or knob-shaped pseudopodia (Holtfreter, 1943b). With 
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progressive differentiation, cell motility increases, as may be seen by the 
morphogenetic movements and by the subsequent migrations and amoe¬ 
boid clianges of the cells. The following data seem to indicate that it is 
the external cell membrane rather than intracellular structures which 
are responsible for these amoeboid movements (Holtfreter, 1946-1947). 

Structural Organization of Embryonic Amphibian Cells, The architec¬ 
ture of any cell from early amphibian embryos closely resembles the gen¬ 
eral organization found in Amoeba proteus (Chambers, 1924; Mast, 
1926) and in Pehmyjca (Wilber, 1946). There are four concentrically ar¬ 
ranged layers: an inner core of semiliquid “plasmasol,'*'' containing the 
nucleus, the structural cytoplasm, and aU of the granular inclusions. 
Even in a resting cell, Brownian movement causes damped translocation 
of the granules. This material is enclosed in a wall of ‘■‘plasmagel,'*'’ the 
viscous consistency of which prevents dislocations of particles embedded 
in it. The third layer consists of the clear “ectoplasmic fluid’’ which oc¬ 
casionally contains a few granules derived from the granulated endo¬ 
plasm. The unrestricted translocations which the granules exliibit when 
entering this layer indicate clearly its highly fluid consistency. The 
hyaline fluid is surrounded by a well delineated plasmalemma, or cell 
membrane, which may fold into wrinkles, suggesting a semi-solid con¬ 
sistency. 

The thickness of the hyaline layer varies with the composition of the 
external medium. Under approximately normal physiological conditions, 
the fluid accumulates only in regions where the cell surface bulges out 
into a pseudopodium, and it fades out from view where the cell mem¬ 
brane becomes temporarily apposed to the plasmagel (figure 1). How- 

Cell membrane- 


Figure 1 . Protoplasmic structure of embryonic amphibian cells. 

ever, although not visible everj-where, this layer seems to form a contin¬ 
uous shell around the endoplasmic granuloplasm. The continuity can be 
readily demonstrated when the amount of ectoplasmic fluid is increased 
following immersion of the cell in isotonic saline solutions lacking cal¬ 
cium, or ha^g a pH between 9 and 10. Solutions more acid, and rich 
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in calcium, have the opposite effect of reducing the hyaline laver. This 
agrees ydth obseiv'ations on amoebae (Pantin, 1923,1926) and on amoe- 
bocytes of Limulus (Loeb, 1928). 

The cells constituting the surface of the amphibian gastrula possess a 
proximo-distal polarity which seems an expression of an inside-outside 
gradient of the egg. \\Tien cells from the periphery of the embryo are 
isolated mechanically, or by means of coat-dissohdng chemicals, the 
former coated side becomes the posterior cell pole which is characterized 
by a comparatively stronger contractile power of its surface membrane, 
by the accumulation of pigment, and by the fact that this side has a re¬ 
duced tendency to form hyaline protrusions. The uncoated proximal 
side of the cell becomes the region of pronounced amoeboid acthity. It 
represents, therefore, the advancing anterior pole when the cell is re¬ 
sorting to locomotion. Isolated embryonic cells of any germ layer, but 
especially those of the neural plate, tend to stretch themselves along 
theu* proximo-distal axis into cylindrical bodies having an anterior cap 
filled with ectoplasmic fluid, while the posterior pole is usually marked 
as a blackish knob shelving surface winkles. Following exposure of the 
cylindrical cell to liquefying agents, such as alkali or sodium citrate, 
hyaline protrusions also appear along the side walls suggesting that there, 
too, the cell membrane has remained separated from the plasmagel by a 
thin layer of fluid (figure 2). With further uptake of water, the ectoplas- 



Fiourb 2. Exposure to alkali of a cylindrical cell from the medullary plate causes a lift- 
ing-off of the cell membrane from the plasmagel tube and a rounding up of the cell. 

mic fluid forms a spacious shell around the entire endoplasm, followed 
by a rounding-up of the whole cell into a more or less spherical body. 

Amoeboid Movements, According to the widely accepted theory of 
Mast (1926,1941), form changes and locomotion in Amoeba result from 
contractions of the posterior portion of the plasmagel tube, which push 
the enclosed plasmasol forward against the plasmagel wall bordering at 
the hyaline cap of a pseudopod. Subsequently, the frontal gel barrier 
becomes solated, breaks down, and the endoplasm surges into the fluid 
of the cap. There, the granuloplasra is presently regelated at its sur¬ 
face, thus forming an anterior extension of the plasmagel tube. The plas- 
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malemma of the hyaline cap is assumed to be pushed out passively by 
the hydrostatic pressure of the forward-streaming axial protoplasm. 
Repetitions of tins cycle would result in a continuous transport of the 
endoplasm from the posterior into the anterior cell portion, i.e,^ a shift¬ 
ing forward of the whole cell body. Thus, the essential mechanism of 
locomotion is supposed to consist of localized and reversible sol-gel 
formations of the granulated endoplasm, with the cell membrane pas¬ 
sively yielding to the local variations of the internal turgor. 

In elaborating upon this theory, Lewis (1942) assumed that a conver¬ 
sion of the plasmasol into a more viscous state would automatically re¬ 
sult in a contraction of this material. Contractions occurred not only 
in the posterior region of the cell, but Lewis (1933, 1942) observed in 
lymphocytes and other vertebrate cells that constriction rings passed in 
regular intervals over the entire cell surface, traveling in an antero¬ 
posterior direction. This peristaltic activity was assumed to reside in the 
plasmagel tube. Lewis concluded that the translocations of the inner 
protoplasm resulting from these constrictions, together with localized 
cyclical sol-gel formations, are the essential mechanism of cellular loco¬ 
motion. 

The processes described by Mast and Lewis may occur, likewise, in 
isolated cells from different stages and germ layers of amphibian em¬ 
bryos. Howevex', the forward-streaming and cyclical sol-gel conversions 
of the endoplasm obser^'ed here, appear to be the consequence rather 
than the cause of amoeboid movements. Form changes and locomotion 
of embiy’onic cells are not necessarily associated with sol-gel transforma¬ 
tions of the protoplasm, but seem to be primarily due to alternate ex¬ 
pansions and contractions of localized regions of the cell membrane. 
This conclusion is based upon the following data. 

Cellular Motility Associated with Endoplasmic Sol-Gel Formatioiis, 
Experimental valuations of the composition of the culture medium show 
that both the state of viscosity of the endoplasm and the motility of the 
cell membrane change with the external conditions, but these two phe¬ 
nomena are not strictly correlated with each other. In a balanced iso¬ 
tonic salt solution (‘■‘‘standard solution'**’) with pH between about 7 and 
8.5, isolated cells from the different germ layers of a gastrula or neurula 
may exliibit the following kinetic phenomena. 

Rotating Lobopodia in Spherical Cells. At one or several points of the 
spherical cell the outer membrane is lifted off the plasmagel and forms 
hyaline bulges w'hich tend to move around the circumference of the cell, 
but usually avoid the posterior cell pole. After a bulge has attained 
maximal size, the underlying portion of the plasmagel may liquefy, and 
the endoplasmic particles surge into the ectoplasmic fluid where they 
are freely dispersed and throwm about in rapid motion. Subsequently, 
the liberated particles undergo a closer packing, become almost im¬ 
mobile, and are refurnished with a capsular plasmagel w^all lying closely 
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beneath the cell membrane. Meanwhile, an adjacent region of the cell 
surface has been growing into a hyaline lobopodium, and the process of 
solation and subsequent regelation of the inundated portion of the en¬ 
doplasmic capsule is repeated. Rotating lobopods of a similar kind 
have been obser\'ed in amoebae (Rhumbler, 1898; Jennings, 1904; 
Pantin, 1923) and in the amoebocytes of invertebrates (Loeb, 1928). 

If the embr}"onic cells are suspended in isotonic saline lacking cal¬ 
cium, or having a pH above 9, they swell considerably tlirough increase 
of ectoplasmic fluid. A large hyaline cap is formed which rotates rapidly 
around the surface, "while the endoplasmic capsule which is temporarily 
overflowed by this ivave, reacts after a latent period with rapid and 
merely superficial solations and regelations (figure 3). The belatedness 
of the endoplasmic eruptions makes it very improbable that this process 
is the cause of the outbulging and of the rotation of the hyaline lobo- 
pod. On the contrary, it seems that the local solations of the plasmagel 
are of a secondary" nature, caused by a liquefying action of the super¬ 
natant fluid, the volume of which remains constant throughout the suc¬ 
cessive cycles of movement. That the cell surface moves independently 
of the endoplasmic eiuptions is home out by the fact that the larger 
lobopods consist of se\ eral bulges \vhich are sepfirated by notches of con¬ 
traction, traveling W’ave-like around the circumference of the cell. 

Peristaltic Movements and Locomotion in Cylindrical Cells. The main 
difference between the pattern of movement in a spherical and a cylindri¬ 
cal cell is that in the latter the hyaline cap and the sol-gel process are 
confined to the very end of the anterior region. Instead of showing rotat¬ 
ing notches of constriction, the elongated cell possesses constricting 
rings which travel in fairly regular intervals from the anterior to the 
posterior pole (figure 4). In addition, the elongated cell may perform 



Figure 3. Rotating movement and endoplasmic eruptions in a cell isolated from gastrula ectoderm. 
Figure 4. Peristaltic constrictions and locomotion in a cell from the medullary plate. 

bending and twisting motions along its main axis and may undergo 
longitudinal elongations and contractions of the anterior body portion, 
while the posterior portion is periodically contracted. This pattern of 
vermiform movements can be exhibited by isolated cells of various germ 


718 Annals: New York Academy of Sciences 

layers, although it is most pronounced in the strongly elongated cells 
from the neural plate. 

Since the waves of constriction first appear within the purely hyaline 
cap, it is clear that they cannot result from a kinetic actmty of the plas- 
magel tube but must be due to an autonomous contractility of the cell 
membrane. The endoplasmic tube which is, in general, closely associated 
with the cell membrane seems to be passively molded by the constrictions 
passing over the cell surface. When a constriction ring approaches the 
posterior cell pole, the strength of conti*action increases, leading to the 
temporary" formation of a small tail knob ha\ing a wrinkled surface. The 
anterior cap never becomes wrinkled but is periodically pushed out in 
the form of conical bulges. It is these alternating longitudinal elonga¬ 
tions and contractions of the anterior region, combined with the periodi¬ 
cal shortenings of the tail end which, in the presence of a supporting sur¬ 
face of friction, will produce a shifting forward of the whole cell body. 
The mechanism of locomotion is thus comparable mth that of a creep¬ 
ing earthwwm. It is obvious that the peristaltic constrictions, which 
both in the cell and in the w’onn occur together with the longitudinal ex¬ 
tensions and contractions, cannot be considered as effective movements 
of locomotion. 

It may be mentioned already at this point that the cycle of sui*face 
movements may go on indefinitely in the total absence of endoplasmic 
streamings. Sometimes, however, when a sufficiently large amount of 
fluid has accumulated in the hyaline cap, the frontal wall of the plas- 
magel liquefies and the endoplasm flow's into the cap where it is presently 
regelated at its surface. Vital staining of the posterior cell portion show's 
that, in contrast to the conditions in Amoeba^ there is no real axial 
streaming of the plasmasol, but that it is more or less the same circum¬ 
scribed portion of the anterior endoplasm which is periodically released 
into the ectoplasmic fluid. This restriction of the gel-sol process to the 
\ ery tip of the pseudopod is still more conspicuous in the extended proc¬ 
esses of more highly differentiated cells. 

Cellular MotiUti/ in the Absence of a Sol-Gel Cycle, The gelated state of 
the endoplasm, and hence the frequency of breaks in tlie plasmagel w'all, 
depend upon the concentration of calcium ions in the culture fluid. Cells 
which are kept in isotonic solutions of the chlorides of Na, K, or IJ, 
de\ elop a very broad hyaline space, into which the endoplasmic core is 
almost uninterruptedly releasing its granuloplasm. Under these condi¬ 
tions, regelation of the liberated endoplasm is considerably delayed. It 
is completely inhibited if sodium citrate or oxalate is applied, either 
in addition to the chlorides or in pure solutions. These calcium-antago¬ 
nizing substances inhibit gelation both in hypertonic and hypotonic con¬ 
centrations. In the former case (0.5 to 2 per cent solutions) the cells 
shrink and the hyaline space is reduced to a small blister. The endoplasm 
underlying the blister lacks the smooth surface of a plasmagel wall, its 
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pei'ipheral granules being permanently dispersed in the ectoplasmic 
fluid. Ne^ ertheless, under such conditions, the cells perform amoeboid 
movements for several hours. 

The independence of the surface movements from the state of viscose 
ity of the endoplasm comes out more strikingly when isotonic or slightly 
hypotonic solutions (0.4 to 0.25 per cent) of citrate or oxalate are ap¬ 
plied. The cells swell in inverse proportion to the concentration of the 
solution, this swelling being confined to the ectoplasmic layer which may 
eventually separate the endoplasmic capsule completely from the cell 
membrane. After a rapid succession of local solations and regelations, 
the plasmagel wall breaks doTO all over its surface and the granuloplasm 
becomes freely dispersed in the surrounding fluid (figuee 5). In spite of 
the total absence of a plasmagel layer, the cell membrane continues per¬ 
forming undulating movements for several hours. This would suggest 
(2) that membrane motility is less dependent on the presence of calcium 
in the external medium than is gelation of the endoplasm; and (2) that 
the surface movements cannot have been caubed by contractions, or 
axial currents, of the endoplasm, but must be ascribed to autonomous 
changes of the cell membrane. 

This total liquefaction and dispersion of the endoplasm is reverbible 
when the cells are returned in time to a balanced salt solution contain¬ 
ing calcium ions. Then the granules aggregate into a densely packed 
body and are surrounded again by a gelated wall which may be clearly 
distinguished from the fluid hyaloplasm. However, prolonged exposure 
to citrate or oxalate of hypo- or hypertonic concentrations eventually 
immobilizes and even dissolves the cell membrane. Disintegration of the 
membrane begins at one side of the cell and spreads slowly over adjacent 
regions, while the still intact portion of the membrane fails to contract, 
indicating that the decomposition of the surface film is preceded by a 
loss of its original elasticity. 

Similar observations have been made on cells which were exposed to 
alkaline or hypotonic media. 

Cell Movements Despite Permanent Quiescence of the Endoplasmic 
Capsule, The reverse of the conditions in the preceding experiments, 
namely a permanent gelation of the endoplasmic wall, can be obtained 
by lowering the pH or increasing the relative calcium content of the 
culture fluid. Although these treatments simultaneously decrease the 
amount of ectoplasmic fluid, the amoeboid motility of the hyaline bulges 
or pseudopods is not suppressed. 

Another method of demonstrating the autonomy of the surface move¬ 
ments consists in subjecting the cells to standard solution containing 
alcohol (10 to 15 per cent). This treatment increases rather than de¬ 
creases the volume of the hyaline layer, whereas the endoplasm con¬ 
tracts into a quiescent and sharply delineated ball which touches the 
cell membrane only in the posterior cell region (figure 6). In the com- 
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plete absence of endoplasmic solations, the cell membrane continues per¬ 
forming the characteristic undulating movements which shift the ecto¬ 
plasmic fluid over the smooth sui’face of the endoplasmic capsule. It is 
mechanically inconceivable that any contractions of the capsule, or en¬ 
doplasmic currents, might have caused the simultaneous appearance of 
more than one rotating bulge in the cell surface. 

Attention may also be drawn to cells of the type of pigurp:s 7-9 whicli 



Figure 6 . Complete solation and dispersal of the endoplasm under the influence of po< 
tassium oxalate, while the cell membrane continues to show amoeboid movements. 

Figure 6. Exposure to 10% alcohol, preventing: solation 
of the plasmagel but not the movement of the cell surface. 

Figures 7-9. Pseudopod formation and fragnmen- 
tation induced by brief exposure of the cells to alkali. 

show the presence of numerous cylindrical pseudopods, devoid of endo¬ 
plasm and moving independently of each other. The movements consist 
in bendings, longitudinal extensions and contractions, and peristaltic 
constrictions, traveling from the tip to the base of the hyaline pseudo- 
pods. These movements cannot be explained by a possible kinetic ac- 
ti^dtv of the encapsuled endoplasm which remains quiescent. Such an 
outgro^vi:h of the cell surface into numerous blunt pseudopods can be 
induced by a shock treatment vdth. alkali. 

Amoeboid MotiliUf m Cell Fragments Lacking Endoplasmic iStructures, 
If the conclusion is correct that it is not the reversible sol-gel process of 
the endoplasm but varying states of contraction of the cell membrane 
which cause cellular form changes and locomotion, then cell fragments 
lacking the endoplasm entirely should be motile as well. This is indeed 
the case. 
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An effective way of obtaining fragments of the desired composition 
consists in exposing cells of gastrula ectoderm briefly to alkali, which 
induces them to spread on the glass surface. After a while, the alkali 
effect wears off, the flattened cells contract and leave behind on the 
glass minute portions of their hyaline margin. Since the endoplasm is 
usually retracted into the bulky cell portion before the peripheral frag¬ 
ments become detached, the latter frequently contain no \isible traces 
of structural cytoplasm. They may survive for many days and exhibit 
the various kinds of kinetic patterns observed in whole cells, mz.^ spread¬ 
ing and locomotion of lamellar processes, alternate expansions and con¬ 
tractions of lobose or cylindrical pseudopods, and peristaltic constric¬ 
tions passing over the surface of tubular fragments (Holtfreter, 1946a). 
With the aid of a surface of friction, hyaline fragments are capable of 
creeping forward like a vermiform cell. In cases where a fragment con¬ 
tains a few lipid granules, these move freely within the vesicle, rapidly 
dislocated by Bro^vnian movement and by the iiregular currents result¬ 
ing from the undulations of the cell membrane. Whenever a portion of 
endoplasm is present, it forms, vithin the ectoplasmic fluid, a delineated 
body haring a gelated surface layer and showing but very reduced trans¬ 
locations of the enclosed gi'anules. There occur all intermediary forms 
between completely hyaline vesicles and others which are almost en¬ 
tirely filled with endoplasmic material. The former are usually much 
moi'e motile than the latter. 

When exposed to increasing concentrations of standard solution, the 
hyaline vesicles shrink, their motility slows down and eventually stops. 
This process may be reversed. In still higher concentrations of this solu¬ 
tion, the vesicles die and become filled \rith basophilic granules, show¬ 
ing unrestricted Brownian movement. They can be further dehydrated 
by various agents such as acids, or concentrated solutions of calcium 
chloride, basic dyes, or hea^T metal salts, all of which transform the 
vesicle into a thin, granulated film firmly attached to the glass surface 
(figcre 10). 



From these observations, it may be concluded that the different modes 
of amoeboid form changes can be executed by cell portions wHch lack 
entirely the inner protoplasmic material capable of a reversible gela- 
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tion. It appears that this conclusion applies also to Amoeba^ for Chambers 
(1924) observed that cut-off pseudopods of A moeba were capable of in¬ 
gesting food and moving about in the typical amoeboid manner, although 
they were entirely free from the visible granules of the parent body. 
Taken together with the evidence of the preceding paragraphs, these 
data indicate that the endoplasmic gel-sol formation occurring some¬ 
times in whole cells is merely superposed upon the kinetic acti\ity of 
the cell membrane. The present material furnishes no evidence that the 
plasmagel capsule has a contractility of its own. Whenever the endo¬ 
plasmic material changed from a spherical into a cylindrical shape, 
showing peristalsis, it was tightly enclosed by the cell membrane, sug¬ 
gesting tlmt it was the well-attested contractile power of the latter 
which had molded the endoplasm. If these two structures were separated 
bv a cushion of ectoplasmic fluid, the outer membrane continued per¬ 
forming amoeboid movements, whereas the surface of the endoplasm 
remained immobile. 

The periodical solations of the plasmagel apparently result from 
chemical reactions between the endoplasm and the supernatant ecto¬ 
plasmic fluid. This process seems to involve the exchange of electrol}i:es, 
with calcium ions playing a predominant role in controlling the vis¬ 
cosity of the structxiral endoplasm. While in some instances liquefaction 
and dispersion of the granulated endoplasm proceed slowly, comparable 
to the melting of a submerged sheet of ice containing particles, in other 
cases the plasmasol may rush rapidly through the opening in the plas¬ 
magel wall. This acceleration of flow, in contrast to the liquefaction 
proper, appears to be caused by the contraction of an external covering. 
Since forceful endoplasmic eruptions occurred only if the posterior por¬ 
tion of the endoplasm was closely associated with the undulating cell 
membrane, the contractile force drhing the plasmasol toward the hya¬ 
line cap is probably furnished by the outer membrane. 

Comtricfion of the Cell Membrane Resulting in Cytoplasmic Division, 
Isolated embryonic amplubian cells may exhibit three kinds of di\dsion 
phenomena: (a) mitotic nuclear division associated with cytoplasmic 
fission; (i) dmsion of the nucleus into two or more nuclei without seg¬ 
mentation of the cell body; (c) cellular fragmentation in the absence of 
nuclear division. The latter phenomenon may occur mthin a normal em¬ 
bryo, for instance in the flask-shaped blastoporal cells, after they have 
reached their final destination in the anterior region of the archentoron. 
The formation of blood platelets has been attributed to the budding-off 
of cytoplasmic fragments from large mother cells. Lewis (1942) ascribes 
cvtoplasmic division to the same mechanism which produces the con¬ 
striction waves in migrating cells. The following data support this con¬ 
cept, although they do not agree with the idea of Lewis that it is the 
plasmagel which performs the constrictions. 

In the cylindrical cells mentioned above, it was frequently observed 
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that a constriction wave became stationary, that the constricting ring 
cut progressively deeper into the cell body and finally caused a frag¬ 
mentation of the cell. The products of di\’ision were usually very un¬ 
equal in size and composition. The nucleus remained inert and intact 
and came to lie in one of the daughter bodies, both of which could sur¬ 
vive for several days. That it was again the cell membrane which pro¬ 
vided the mechanism of constriction was indicated by observations on 
the cell fragments mentioned above. Very small hyaline fragments con¬ 
taining neither chromatin nor any other microscopically visible internal 
structures, ^vould dhide spontaneously into two bodies which continued 
performing amoeboid movements. 

C 3 i:oplasniic di\ision in the absence of a nucleus has been observed in 
the eggs of the axolotl, the second spindle of which had been removed by 
means of a micro-pipette (JoUos and Peterfi, 1923). Fankhauser (1934) 
observed in polysperm merogons of Triton that cell walls may form 
around astrospheres lacking chromosomes and that segmentation of the 
c\"toplasm may occur even independently of any nuclear or astral ac- 
ti\T[ty. On the other hand, dhision of the sperm nuclei or of the accessory 
astropheres was not necessarily associated vdth a corresponding cleav¬ 
age of the cytoplasm. In centrifuged eggs of the sea urchin which had 
been activated by hypertonic sea water, Harv^ey (1938) found that cleav¬ 
age could take place while the egg nucleus was still intact, which sug¬ 
gests that ‘■‘’the cleavage of an egg and the nuclear changes usually 
accompanying it are quite separate phenomena.” Non-nucleate halves 
of the eggs of sea urchins and of Chaetopterus^ which had been treated 
with a parthenogenetic agent, performed amoeboid movements and 
then fragmented into cells of irregular sizes containing astrospheres but 
no chromatin (Harv^ey, 1936,1938,1939). In non-nucleate pieces of the 
starfish egg which had been subjected to parthenogenetic agents, Cliam- 
bers (1924) observed the budding-off of fragments, some of which pos¬ 
sessed no C 3 i;asters. There is no obser^'ational e\idence that the c^i^o- 
plasmic fissions occurring in bacteria and some algae lacking a distinct 
nucleus are associated with the presence of cj’tasters. These observa¬ 
tions make it improbable that c}i:aster formation is a necessary pre¬ 
requisite for cj^toplasmic di\ision. 

It would appear that regional differences of composition of the proto¬ 
plasm, associated with the presence and division of astrospheres, tend to 
localize and arrest the autonomous constriction movements of the cell 
surface in an equatorial zone. Here, the constriction would proceed to 
form a cleavage furrow, perhaps because the underlying cj^oplasm is 
comparatively more liquid and, hence, less resistant than elsewhere, or 
because some chemical or electric properties of this region induce a lo¬ 
cally stronger contraction of the cell membrane. Chalkley (1935) no¬ 
ticed in dividing amoebae that the plasmagel layer in the region of the 
deepening furrow becomes thinned out, liquefies, and streams away in 
oppositely directed axial currents. Erlanger (1897), Spek (1918), and 
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other investigators have recorded the streaming of superficial liquid 
cytoplasm from the poles toward the plane of cleavage. In centrifuged 
sea urchin eggs which were subsequently fertilized, the first cleavage 
furrow sank in more rapidly on the hyaline than on the densely granu¬ 
lated side of the egg (Chambers, 1924). 

These observations do not support the ^dew that the \iscous plas- 
inagel layer is actively engaged in the cleavage process. According to 
obsen^ations of Motomura (1935) on sea urchin eggs, the external 
plasma membrane covering the furrow cuts through the viscous cortical 
layer without dislodging it from the egg surface. Dan, Yamagita, and 
Sugiyama (1937), from observations on the displacement of kaolin parti¬ 
cles attached to the plasma membrane of sea urchin eggs, concluded 
that the surface area over the spindle poles expands throughout the 
cleavage process w'hile the prospective furrow region at, first shrinks, 
then increases markedly w’hen it is drawm into the depth of the furrow\ 
Similar conditions apply to the amphibian egg (Schechtman, 1937). 
However, the opaqueness of the latter egg makes it impossible to w^atch 
the behavior of the c)i:oplasm. That the ingression of the furrow results 
from the constriction of a densified region of the cell membrane seems to 
be suggested by the fact that the floor of the furrow is more resistant to 
chemical and mechanical injuries than is the cell surface over the spindle 
poles (Just, 1922: Chambers, 1938). This would agree with the condi¬ 
tions in hyaline pseudopodia and cell fragments where it can be noticed 
that the constricting rings acquire temporarily a higher refractivity 
than the expanding areas, su^esting alternate states of density of the 
cell membrane. In dividing fibroblasts, the opposite poles of the cell are 
known to bulge out into rapidly moving blebs which recall the hyaline 
blisters formed under the influence of alkali, mechanical irritation, or 
other agents w’hich weaken and liquefy the cell membrane. 

The above considerations make it understandable that external stimuli, 
causing a local reduction of density and contractility of the cell mem¬ 
brane, wiU at first increase the permeability of this layer, then induce 
the formation of pseudopods and hyaline blisters, and finally cause a 
pinching-otf of the out-bulging portions of the cell. This pliase may be 
followed by cytolysis. Most parthenogenetic agents produce cytolysis 
w’hen applied for longer periods or at higher concentrations. Compa¬ 
rable with the artificially induced formation of hyaline protuberances and 
their detachment in immature sea urchin eggs (Runnstrom, 1928), a 
pinching-otf of amoeboid vesicles free of granulated endoplasm may occur 
in gastrula cells and in early er}i;hrocytes of amphibians which have been 
briefly exposed to alkali or other agents which at higher concentrations 
decompose the cell membrane. Mechanical irritation may likewise cause 
a fragmentation of the embryonic cell. The main difference between the 
constrictions associated with amoeboid movement and those leading to 
cell division, or fragmentation, appears to be that the former are re¬ 
versible and successively involve various regions of the cell surface. 
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whereas the latter remain localized and cut progressively deeper into 
the c}i:oplasm. 

Function of the Cell Membrane in the Process of Cellular Differentia¬ 
tion. By way of controlling cellular locomotion and cytoplasmic divi¬ 
sion, the cell membrane plays an essential role in bringing about the 
morphogenesis of the different types of cells. A differentiating cell ac¬ 
quires its new shape through the elaboration of new patterns of amoeboid 
activity, a phenomenon usually accompanied by the development of 
regional, cell-specific differences of adhesiveness of the surface film. 
In order to materialize these properties effectively, most cells need an 
external surface of contact. A few examples may illustrate the situation. 
The cells to be discussed had been derived from urodele embryos and 
were cultured singlv in physiological salt solution (Holtfreter, 1946b, 
1947b, c). 

Whereas the different cell types from pre-neurula stages are, after 
isolation, more or less spherical, showing only slight tendencies of 
spreading, of becoming cylindrical, or forming slender pseudopodia, 
their morphogenetic beha^ior becomes more distinctly cell-specific after 
they have passed these stages. Isolated prospective epidermis cells from 
a neurula tend to fiatten shield-like against glass or Ihing tissues (fig¬ 
ure 11), while the indmdual cells from the neural plate tend to stretch 
themselves into long vermiform bodies (figure 4). On the other hand, 
neuroblasts of the type of Rohon-Beard’s cells, as well as the cells from 
the neural crest, shortly after their isolation from early tail bud stages, 
adopt a shape somewhat resembling that of an Actinia (figures 12a 
and 14a). In the absence of a supporting substratum, their plump ante¬ 
rior portion may project hyaline tapering pseudopods capable of elongat¬ 
ing, contracting, and benaing around in curves. The posterior cell por¬ 
tion is conical and can change its shape by way of constrictions and 
longitudinal stretchings and contractions. These cell-specific differences 
of kinetic behartor are a refiection of the fact that from now on the 
various cells are determined cytologically. 

Evidently, the different cell shapes arise from the activity of the cell 
membrane, not the endoplasm. The motile filopods of an eaidy neuroblast 
contain merely ectoplasmic fluid; the anterior portion of the vermiform 
neural plate cell may exliibit cylindrical elongations, bendings, and con¬ 
strictions while not underlain by the endoplasm; the epidermis cell 
spreads and progresses over the substratum by w^ay of extending a hya¬ 
line margin which is distinctly set oft* from the central body of granulated 
endoplasm. 

With the substitution of lamellar or filiform pseudopods for the ear¬ 
lier rounded lobopods, the amount of ectoplasmic fluid is generaUv re¬ 
duced. At the same time, the reversible solation of the plasmagel be¬ 
comes less frequent and is confined to the increasingly smaller areas 
which directly border at a hyaline protuberance, while the bulk of the 
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Figures 11-14 Successive stages of differentiation in an isolated epidermis cell (figure 11), 
in a neuroblast (FIGURE 12), a myoblast (FIGURE 13), and a mesenchyme cell (FIGURE 14} 

endoplasm remains unaffected. Local outbreaks of a peripheral portion 
of the granuloplasm have been observed in the margin of flattened epi¬ 
dermis cells and in the tongue-shaped advancing pseudopods of neuro¬ 
blasts, myoblasts, and mesenchyme cells. The process is readily recog¬ 
nized because of the sudden acceleration of movement which the granules 
undergo when pouring into the ectoplasmic fluid. It should be emphasized, 
however, that, as in the case of lobose or tubular pseudopoda which 
project freely into the external medium, the flattened pseudopods of 
attached cells mo\e just as well in the absence as in the presence of gel- 
sol formations. 

The movements of the cell membrane in flattened cells are less'co- 
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ordinated and on a smaller scale than are those in non-attached cells, 
where they pass in large wa\es o\er the whole cell body. Peristaltic con¬ 
strictions do occur in differentiating neuroblasts, m} oblasts, leucocjtes, 
and mesectoderni cells, but they become less conspicuous the more the 
whole cell flattens against the substratum. Instead, the h\aline margin 
of an attached cell is engaged in locally independent and irregularly al¬ 
ternating mo\ements of expansion and contraction w^hich produce a 
constant change in the outlines of the serrated periphery. Furthernioie, 
ring patterns and ruffles may mo\e o\er the surface of the hyaline mar¬ 
gin. Such ruiHes are well-known features of the laminar processes in 
monocytes and macrophages of \ertebrates. Faure-Fremiet (1929,1930), 
who obser^ed them in the freely extended membranous pseudopods of 
choanoleucocytes, stresses the fact that the mo\ ements proceed while 
the centrally located endoplasm remains quiescent. He therefore rejects 
the idea that the mo\ ements of the hyaline processes are caused by \ari- 
ations of the gel-sol ratio of the endoplasm. This conclusion is supported 
by our obser\ation that the same kind of mo^ ements may occur in iso¬ 
lated fragments of the hyaline margin which contain no endoplasm at 
all. In migrating cells, the endoplasm merely follows the mo\ ement of 
the advancing margin, by filling up successi\ely the hyaline space, thus 
securing the ground gained by the acthity of the ectoplasmic cell por¬ 
tion. If the total sum of periodical extensions outweighs that of con¬ 
tractions, the flattened pseudopod will continue mo\ing forward in one 
direction. 

All cell types mentioned abo’se possess an antero-posterior polarity. 
The relath ely inert posterior pole corresponds to that side which in the 
blastula stage was facing the outside. In epidermis cells wliich are merely 
spreading, the posterior pole takes up an apical position (figure 11c). 
In migrating cells, the posterior portion is dragged belund and contracts 
periodically, frequently forming a tail knob, while the ad\ancing ante¬ 
rior region may remain more or less unipolar (myoblasts) or may branch 
out into se\eral independently mo\ing pseudopods (neuroblasts, mesec- 
toderm cells, leucoc}tes). If the posterior pole becomes firmly attached 
to a substratum and the anterior cell portion continues ad\ ancing, the 
whole cell may become stretched into a long ribbon (myoblasts, figure 
13c), or only a tail portion is spun out into a fibrous process (neuro¬ 
blasts, FIGURE 12c). The transformation of the dendritic anterior protu¬ 
berances of-a neuroblast into long fibrous processes is only possible if 
the bulk of the cell remains sessile and the pseudopods continue advanc¬ 
ing by means of their undulating hyaline end-plate. Leucoc^es exhibit 
a pronounced mobility because of lack of adhesiveness of their posterior 
region and a great agility of their anterior region. 

It appears that, wdth progresshe differentiation, the cell membrane 
becomes more firmly attached to the underlying plasmagel and that this 
reduces or inhibits its motility. This condition is especially conspicuous 
in isolated epidermis cells which have been cultured for several days. 
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Their entire endoplasm forms a gelated layer closely associated '«ith the 
surface film, which becomes immobile. In fully extended spindle-shaped 
myoblasts and in dendritic mesenchyme cells, the major part of the cell 
surface becomes progressh ely quiesceiit, motility being confined to the 
tips of the pseudopods which ha\e remained free of endoplasm. 

Congelation of the whole cell occurs in a pronounced form in erythro¬ 
cytes (Holtfreter, 1947c). Like all other cells of the amphibian embryo, 
the erythroblasts represent at first globular cells presided srith rotating 
lobopods which may undergo local gel-sol formation (figure 15a). hen 
the hemoglobin becomes visible and the yolk is almost absorbed, the 
ectoplasmic fluid slosvly disappears and the cell membrane settles down 
over the entire surface of the plasinagel capsule, without, howes er, being 
arrested in its kneading movements (figure 16b). Unlike the spreading 



Figure 15. Successive stages of differentiation of an erythroblast 
Figure 16 Retrogressive form changes of an erythrocyte following exposure to alkali. 

mo\ement in epidermis cells, the flattening of the eiythroblast into a 
discoidal body occurs in the absence of any substratum and is executed 
simultaneously by both the cell membrane and the endoplasm. After the 
cell has flattened, it remains immobile, and Brownian agitation of the 
endoplasmic inclusions becomes less discernible. However, the process of 
immobilization can be re\ersed, if the early etyihrocyte be exposed to 
liquefying agents, such as salt solutions hypotonic or of high pH (figure 
16a-e). Under such conditions, the rim of the discoidal body develops 
amoeboid protuberances, the cell rounds up and exhibits the kneading 
movements of its earlier stage, and finally the outer membrane is lifted 
off from the plasinagel layer and forms once again undulating lobopods 
filled with liquid cytoplasm now containing hemoglobin. The lobopodia 
may become pinched off at their base and form mobile fragments (figure 
16d). With extended treatment the plasmagel layer becomes liquefied 
as well, at first locally and reversibly, then all o\er its surface. This 
causes the endoplasmic inclusions to be freely dispersed ^yithin the now 
spherically swollen cell. At this stage, the cell membrane becomes im¬ 
mobile and so porous tliat hemoglobin and even larger particles includ- 
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ing the nucleus can penetrate it. The final stage of cytolysis is accom¬ 
panied by the appearance of precipitation granules in the cytoplasm. 

A similar sequence of reactions to liquefying solutions can be ob¬ 
tained with other differentiated cells, e.g,^ leucocytes or mesenchyme 
cells. The treated cells will return to their earlier mode of motility by 
replacing the filiform or dendritic processes by large undulating lobo- 
pods and they e\ entually die from being flooded with the immersion fluid. 

Thus, cellular differentiation which is associated with partial immo¬ 
bilization and a restriction of amoeboid acthity to localized pseudopods, 
seems to invohe a certain amount of dehydration. During the period of 
consolidation of the final cell shape, the inner cytoplasm may find the 
proper conditions to develop structures of increasing stability, as, for 
instance, oriented fibrils. Observational data and concepts as regards 
the possible genesis of cytoplasmic structures may be found in the pub¬ 
lications of Schmidt (1937), Frey-Wyssling (i938), Picken (1940), 
Schmitt, Hall, and Jakus (1943), and Lawrence et al. (1944). If the abo\e 
considerations be accepted, the appearance of an intracellular cytoskel- 
eton is the consequence rather than the cause of the external form 
changes in differentiating cells. 

Observations on the Composition^ Structure^ and Physiological 
Reactions of the Cell Membrane 

In order to understand the \arious functions of the cell membrane, it 
is necessary to inquire into its chemical composition and physical prop¬ 
erties. The pertinent data, although obtained with different methods and 
on different material, appear to conform sufficiently to be pieced to¬ 
gether into a comprehensive, though somewhat sketchy concept. (See 
the re^iew^s by Har\ey and Danielli, 1938; Danielli, 1942; Schmitt, 1941, 
1944; Schmitt and Bear, 1939; Monne, 1946.) 

Recent in^estigations afford ample support for the idea, ad^anccd 
by early w’orkers on cellular permeability, that the cell is bounded by a 
film containing lipids and probably also proteins. Not only the surface 
film of the different somatic cells so far studied, but also the outer pro¬ 
toplasmic layer of eggs appear to consist principally of an organized 
lipoprotein structure. 

Runnstr5m and collaborators (1928, 1943, 1945) ha^e sho\m that, 
when unfertilized sea urcliin eggs are exposed to Mic agents, such as 
alkali, fat sohents, high temperatures, hypotonic sea water, or merthio- 
late, then* cortical layer bulges out into hyaline blisters and pseudopods 
which may become detached in the form of ^‘‘lipoid vesicles.**’ These 
formations resemble the pseudopods and hyaline fragments in amphib¬ 
ian cells, which arise either spontaneously or under the influence of 
\arious cytolytic agents. The cortical layer of the Ihing nomial sea 
urchin egg is positively bhefringent in a radial direction, suggesting an 
ultrastructure comparable to that in myelin foriiwitions, w'here the elon- 
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gate phosphatide molecules are assumed to form concentrically ar¬ 
ranged biinolecular leaflets, the long axes of the molecules paralleling 
each other and lying perpendicularly to the surface of the body (Runn- 
str6m, Monn6, and Broman, 1943; Ivionroy, 1946, 1947). Through the 
action of fat solvents, the birefringence of the cortex may either dis¬ 
appear completely or reverse its sign, becoming a radially negative one. 
These observations suggest that the cortex contains alternate lamellae 
of lipid and protein molecules, the latter being extended in a tangential 
direction and attached lateraUy to the polar groups of the lipid leaflets 
(Monne, 1946). It has not been possible to decide whether the entire 
birefringent cortex, which is quite thick (about lju.), or only its peripheral 
portion should be identified with the selectively permeable cell mem¬ 
brane. 

Under dark-field illumination, the birefringent cortex of unfertilized 
sea urchin eggs has a yellow-orange color, changing into white and blu¬ 
ish-grey when this layer is expanding into the pseudopods mentioned 
above (Runnstrom, 1928). Monne (1941), who studied the color varia¬ 
tions in the protoplasmic constituents of a great variety of cells, con¬ 
cludes that they reflect alterations in the state of hydration of the col¬ 
loids involved. According to Monroy and Monroy Oddo (1946), the 
change and final disappearance of color in the cortex of the sea urchin 
egg is associated with a progressive reduction of the positive birefrin¬ 
gence of this layer, indicating a dispersal or dissociation of the constitu¬ 
ent lipid molecules, probably because of an increased solvation. It is 
interesting to note that a disappearance of color and birefringence can 
be produced not only by fat solvents, hypotonicity and other l}i:ic 
agents, but also by a slight compression of the egg (Monroy and Monroy 
Oddo, 1946). Upon return of the egg to normal conditions, the positive 
birefringence may reappear, although the cortex of compressed eggs 
fails to recover completely, exhibiting patches of disarrangement of its 
molecular constituents. 

On the basis of these observations, one may assume that the hyaline 
blisters which can be produced by both chemical and mechanical agents, 
are the result of a locally increased solvation and porosity of the cell 
membrane, and the accumulation of water beneath it. In a similar way, 
the spontaneous local expansions occurring in the cell membrane of 
amoeboid cells appear to involve a higher state of solvation as compared 
with that of contracting regions. In a hyaline pseudopod, the out-bulg¬ 
ing portions are less refringent than are the constricted ones. Hyman 
(1917) found that the tip of a pseudopod in Amoeba is more susceptible 
to injurious chemicals than is the rest of the cell surface. 

A cortical fine structure comparable to that in the echinoderm egg 
has been reported to occur in various other cells. Combined chemical, 
leptoscopic, and polarization-optical studies on the ghosts of hemolyzed 
ei^hrocytes suggest that their limiting membrane consists of alternat¬ 
ing lamellae of lipids and proteins, their arrangement resembling the 
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molecular structure of the myelin sheath of nerve fibers (Schmitt, Bear, 
and Ponder, 1936, 1938; IVaugh and Schmitt, 1940). A corresponding 
lipoprotein structure has been assumed to exist in the cell membrane of 
living embryonic chicken cells (Hobson, 1941), of differentiated ganglion 
cells of the frog (Chinn, 1938), and of lining erythroc}i:es and spermato¬ 
cytes of invertebrates (Monne, 1941,1946). According to Faure-Fremiet 
(1929), the hyaline pseudopods of choanoleucocytes are birefringent 
when in a dehydrated and agglutinated condition. Alcohol and ether, in 
contrast to acetone, destroy this property, indicating that it is due to 
the presence of phospholipids. I obsen-ed birefringence in the surface 
layer of linng amphibian eggs and in the cell membrane of the different 
isolated cells and hyaline fragments discussed above, but I have not yet 
succeeded in obtaining more exact data on this phenomenon. 

The concept of an organized lipoprotein structure of the cell mem¬ 
brane is supported by a variety of experimental results concerning the 
permeability, surface tension, solubility, and electric properties of the 
cell surface (see Harvey and Danielli, 1938). The concept agrees, further¬ 
more, with the findings on the chemical composition of this structure. 
jMonroy and Monroy Oddo (1946), on the basis of quantitative polariza¬ 
tion-optical studies, conclude that the birefringent cortex of the echino- 
derm egg consists predominantly, if not entirely, of phosphatides and 
cholesterol. In the red blood ceU, practically all the lipids are concen¬ 
trated in the outer membrane, which constitutes the posthemolytic 
residue (Erickson et dl,^ 1938). According to the analyses of Parpart and 
Dziemian (1940), this membrane contains lipids and proteins at a ratio 
of about 1:1.7, the lipids present consisting almost entirely (82 to 98 per 
cent) of phosphatides, especially cephalin, and of cholesterol. 

The presence of phosphatides in the cell membrane of embryonic am¬ 
phibian cells is suggested by the observation that this structure is readily 
destroyed by cobra venom. Increasing concentrations of alcohol render 
the membrane highly permeable and may eventually dissipate it entirely. 
Although the cell membrane is less susceptible to the absence of calcium 
ions in the iinmersion fluid than is the coat of the amphibian egg, its 
amoeboid activity and stability seem to depend on calcium bound to the 
lipoprotein components (see p, 711). Monne (1946) draws attention to 
the fact that the surface of many cells has been found to be rich in cal¬ 
cium and magnesium and that nucleic acids are also present. He sug¬ 
gests that the phosphoric acid groups of the phosphatides and of the 
nucleic acids are held together by calcium molecules. 

Comparison between the Behavior oj Lipid Models 
and the Cell Membrane 

At this point, a comparison between the behavior of the living cell 
membrane and that of artificial films of lipids and lipid mixtures may 
proinote the further analysis of our problem. 
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Faure-Fremiet (1925,1929,1930) and Runnstrom (1928) observed cer¬ 
tain similarities between the kinetic, chemical, and polarization-optical 
properties of the cell surface and those of myelin tubes from lecithin or 
cephalin. Having found that the hyaline pseudopods of amoebocytes are 
anisotropic and contain large proportions of phosphatides, Faure-Fre- 
miet (1929,1930) suggested that their movements could be interpreted 
as resulting from localized variations in the degree of hydration of sur¬ 
face layers of oriented phosphatide molecules. The extent of hydration 
and, consequently, the expansions and contractions of the pseudopods 
were assumed to be controlled by pH and by the kind and proportion of 
the cations present. 

Some gross similarities between the appearances and kinetics of living 
cells and those of models of lipids and their mixtures with other sub¬ 
stances have been noticed by several other workers (Herrera, 1932; Crile, 
Telkes, and Rowland, 1932; van Herwerden, 1933). It was, however, the 
aspect of molecular structure and permeability rather than that of mo¬ 
tility of the cell surface wliich led to the more intensive studies on lipid 
models. Harvey (1912) produced vesicular bodies of lecithin and pro¬ 
teins which reacted to neutral red, saponin, and mechanical pressure not 
unlike sea urchin eggs. DanieUi (1936, 1945) and Hatvey and Danielli 
(1936) studied artificial lipoprotein films jfrom the viewpoint of elastic¬ 
ity, interfacial tension, and adsorption power. In a series of important 
contributions, Bungenberg de Jong and co-workers (1932, 1935, 1937) 
investigated the effects of physical agents, of hydration, pH, electro¬ 
lytes, proteins, and various other substances on the behavior of lipid 
models. The concepts on coacervation which emerged from these studies 
represent a very instructive guide for an interpretation of the structural 
and functional properties of the cell membrane. No less fruitful for the 
cytologist has become the extensive work on monomolccular layers, 
which is connected with the names of Adam, Langmuir, Rideal, and 
Schulman. 

The 'WTiter has become interested in lipid models because their reac¬ 
tions to various chemical and physical agents seemed to explain some 
processes connected with Golgi bodies and cellular vacuoles (Holtfreter, 
1946c). At the same time, these experiments disclosed phenomena which 
appear to promote an understanding of the cell membrane. This dual 
applicability of the models is not surprising since the structure and func¬ 
tions of the cell membrane are supposed to resemble in many ways those 
of the lipoprotein film surrounding intracellular vacuoles (Scarth, 
1927, 1940; Bungenberg de Jong, 1932, 1935; Frey-Wyssling, 1938). 
Some of these observations which have a bearing upon our subject mat¬ 
ter vill now be discussed. The morphological and kinetic behavior of 
liWng cells and hyaline cell fragments was compared with that of myelin 
bodies from crude lecithin, which were exposed simultaneously to immer¬ 
sion fluids of different compositions. The lecithin used was in an ad¬ 
vanced state of rancidity and contained admixtures of cephalin, free 



Holtfreter: Significance of the Cell JVIembrane 733 

fatty acids, and probably other lipids. This impurity of the ^4ecithin” 
preparation was not considered disadvantageous, since it appears 
that the biological membranous structures likeirise represent mixtures 
of different fatty substances. 

When immersed in distilled water or dilute Ringer, the lecithin de¬ 
veloped the characteristic myelin tubes and vesicles which, mih. further 
uptake of water, grew in length and diameter. The thickness of the 
tubular walls and the extent of elongation varied mth the initial mass 
entering into the swelling process. The larger bodies usually gave rise to 
complex systems consisting of vesicles which included other vesicles and 
tubes of various size. Small grains of lecithin rapidly became spherical 
and developed a large ca\dty filled ^vith an optically homogeneous fluid, 
while the external wall was thinned out into a film ha\’ing about the 
diameter of the cell membrane. In their optical appearance (ordinary 
and polarized light), these small vesicles were practically indistinguish¬ 
able from living contiguous hyaline cell fragments. 

Myelin vesicles, stretched by glass needles into a long tube and re¬ 
leased, either contracted or broke down into several portions which 
rounded up into spherical fragments. When embedded in olive oil, hy¬ 
drated myelin formations could be dravm out into very thin fibrillar and 
anastomosing structures resembling the processes of mesenchyme cells. 
The surface film of a myelin vesicle was capable of sealing up a hole 
made by a glass needle, and of restoring its continuity w^hen penetrated 
by vacuoles expelled from the interior. 

Reactions of Myelin Bodies to Variations of pH. In analogy mth the 
behavior of hyaline pseudopods, myelin bodies form tubular shapes only 
^vithin a medium pH range, acidulation causing shrinkage and granula¬ 
tion, alkalinization, a vesicular swelling, fragmentation, and dispersal 
of the bodies. Figure 17 shows diagrammatically the relationships be¬ 
tween the pH of the immersion fluid and the type of myelin formations 
which developed at the periphery of a lump of lecithin vdthin the period 
of an hour. The immersion fluid consisted of distilled water to which 
HCl or KOH respectively had been added. It will be noticed that the 
swelling of the periphery increases in direct proportion to the raising of 
pH. At the lowest levels (pH 2.0-2.2), only a thin surface layer swells 
into a homogeneous transparent substance. At higher levels, up to about 
pH 4.0, myelin figures begin to appear, but slirivel up into granules when 
vith further elongation they come into direct contact with the acid 
medium. Granulation is no longer detectable above pH 4.2, Instead, 
swelling continues and increases gradually wdth rising pH. Within the 
pH range of about 5.0 to 9.0, there are no marked differences in the size 
and shape of the strongly expanded myelin bodies. At levels above pH 
9.4, the tubes become increasingly spherical and may form numerous 
thin-w’aUed bulges 'which are pinched off as separate vesicles or may 
burst and disintegrate (figure 18). 
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Figure 17 Effects of different concentrations of hydrogen ions and vanous metal 
ions on the swelling of crude lecithin The effects have been diagrammatically in¬ 
dicated by the relative thickness of the marginal zone made up of myelin bodies 


When a fully expanded nneliii \ebicle is tiansferred from a neutral 
into an acid medium, it shrinks and the internal fluid gh es rise to gran¬ 
ules shoeing Brownian movement. With increasmg aciditj, the granules 
become coarser and the ^esicle shihels up and collapses to form a tlun, 
granulated film firmly attached to any contact surface (figure 20a). Ad- 
hesi^eness of the lecithin vesicles to each other oi to glass becomes 
apparent at about the same pH le^el (^4,2) when granules are being 
formed The extent of flattening of the bodies o^er a substratum in¬ 
creases with the rate of dehydration. 

In an analogous manner, the size, shape and adhesi\eness of the hy¬ 
aline processes in embiwonic cells depend upon the pH of the immersion 
fluid. In standard solution which is rendered alkahne, the cell swells and 
its filopodia are transformed into large bulges which may become de¬ 
tached as \esicles and e^ entually disintegrate. Cellular aggregates break 
up into single cells at pH abo^ e 9 4 and below 4.2. Beyond this range, 
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Figubb: 18 4ccessory buds and fragmentation occurring m a m^relin tube under the influence of alkali 
Figure 19 Coalescence of two myelm vesicles m a 5 x 10”^M solution of CaCl^ 

Figure 20 Aggregation of mj elm vesicles m a lO'^M solution of CaCli 

Figure 20a Shnnkage, granulation and collapse of a myelm 
vesicle under the influence of acid or other desolvatmg reagents 


amoeboid motility ceases, and the cells e\entuallj die. On the acid side 
of this r-ange, the dead cell membrane becomes increasingly adhesive to 
glass or to lecithin \ esicles, and the content of hyaline cell fragments 
precipitates into granules. Strong acids cause complete shrinkage and 
collapse of the fragment into a coarselj granulated film spieading on 
glass (figlre 10) 

Effects of Metallic Ions, The rate of svelling of lecithin in solutions of 
the chlorides of Na, K, Li, Ca, and Mg \aries ^\lth the salt concentra¬ 
tion and with the valence of the cations, bualent cations liaving a much 
stronger inhibiting effect than monovalent cations (figlre 17). 

In molar concentrations, all chlorides completely suppressed myelin 
foi Illation. Equimolar solutions of NaCl, KCl, and laCl apparently had 
an identic<il inhibitory effect which was no longer noticeable at concen¬ 
trations below 10“2M, while that of CaClg and MgCL could still be 
traced at concentrations as low as lO^^M. Morphologically, the effect of 
the various metal ions v\as similar to that of hydrogen ions-In higher 
concentrations of the biv alent cations, only small spherical myelin bodies 
were formed. Length and vridth of the bodies increased with a decrease 
of the salt concentration. When expanded myelin bodies were transferred 
from distilled water to increasingly concentrated solutions of any of the 
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chlorides they shrank, developed vacuolar and granular structures both 
within their internal fluid and in the outer membrane, and finally shriv¬ 
elled up into compact bodies or, if attached to a substratum, into a 
reticulo-gi’anular film (figure 20a). 

In accordance ^^^th its strongly dehydrating action, calcium chloride 
rendered myelin bodies adhesive at concentrations as low as 5x 10~*5]\x, 
When, in more concentrated solutions of CaCU or MgCh (3xlO"^M 
and stronger), two or more lecithin vesicles were brought into contact 
with each other, they either flattened one against another, forming 
close-packed aggregations comparable ^dth those of living cells (figure 
20) or fused together into a single sphere with a complete disappearance 
of the separating walls (figure 19). Such fusions could also be obtained 
with the application of acid. 

In a comparable way, the rate of water uptake of living amphibian 
cells, or their hyaline fragments, varies markedly according to whether 
the culture fluid contains mono- or bivalent cations. At concentrations 
which cause complete dehydration of myelin bodies, all the chlorides 
used transform a hyaline fragment into an adhesive film studded with 
granules and having the appearance and basopliilic properties of a col¬ 
lapsed lecithin vesicle. The embryonic cells attain maximal lobopod for¬ 
mation and amoeboid motility in relatively strong solutions of NaCl or 
LiCl (around 5 x lO^^yi). Lower salt concentrations cause cytolysis pre¬ 
ceded by an extreme expansion, loss of elasticity and partial dispersion 
of the cell membrane. In pure solutions of CaCU or MgCL, of any con¬ 
centration, the cells cannot be kept alive for a longer period. At con¬ 
centrations around 5 X these salts produce permanent gelation 

of the endoplasmic wall, slowly mo\ing pseudopods, and finally total 
coagulation of the cell. Like myelin vesicles, living embryonic cells are 
non-adhesive in standard solution lacking calcium. The minimal amount 
of CaCL necessary for cellular aggregation in a 0.35 per cent NaCl solu 
tion at pH 8.0 is about 10“® to 10”®M. 

A process comparable to the coalescence of adjacent lecithin vesicles 
has been observed in blastula cells of Ambli/sfoma. When exposed to 
standard solution of double strength or having a highly increased ratio 
of CaCl 2 , the separating walls of a number of cells disappeared and 
multinuclear syncytia were formed. A mutual or multiple coalescence 
may occur both in normal and pathological cells (fusion of gametes; sjm- 
trophoblast of the placenta; giant cell formation in cultured tumor cells, 
etc.). The phenomenon seems to involve the disappearance of a layer of 
bound water at the interface of the cells in contact. 

Se\ eral other metal compounds, such as gold cliloride, mercuric chlo¬ 
ride, silver nitrate or osmium tetroxide likewise strongly dehydrate both 
myelin bodies and hyaline cell fragments, while sodium' oxalate and cit¬ 
rate influence myelinitic growth no more drastically than do correspond¬ 
ing concentrations of sodium chloride. It seems that the dehydrating 
power increases with the valence of the cation. Experiments carried out 
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with uranyl nitrate showed this compound to be still more effective than 
the bivalent cations, since its inhibitory action upon myelinitic swelling 
could be noticed at concentrations as low as lO^^M (figure 17). 

Lecithin vesicles which have become completely dehydrated through 
the action of hea\T metal ions can no longer be reversibly hydrated and 
are more or less insoluble in alcohol and ether. This suggests that the 
well-kno\m toxic and cytolytic action of hea^T metals may arise, in part 
at least, from their irreversible combination with the phosphatides of 
the cell. According to Waugh and Schmitt (1940), copper salts at a 
lO^^M concentration render the envelopes of erythrocjrtes largely in¬ 
soluble in organic solvents and insensitive to pH and to the absence of 
electrolytes. It is thought that the hea\T metal ions form cross-linkages 
with the lipids and proteins of the cell membrane, thereby disarranging 
the molecular pattern and increasing the permeability of this structure 
(see, also, Dawson and Danielli, 1938). 

Palmer and Schmitt (1941) have analyzed the x-ray diffiraction pat¬ 
terns of cephalin emulsions which had been subjected to the action of 
various electrolytes. CaCL was found to be much more effective in re¬ 
ducing the long-period spacings of the lipid structure than w^ere equiva¬ 
lent concentrations of NaCl or KCl. The pronounced desolvating effect 
of calcium ions was ascribed to their combination "vrith the phosphoric 
acid groups of the bimolecular lipid leaflets, and the ensuing expulsion 
of water from between the polar interfaces of the leaflets. A similar mecha¬ 
nism was assumed to account for the desolvating and flocculating action 
of basic proteins, such as histone, upon phosphatide emulsions (Palmer, 
Schmitt, and Chargaff, 1941). This concept appears to give a valuable 
clue to the interpretation of cellular adhesiveness. Schmitt (1941) ob¬ 
served that when small amounts of histone or thorium salts were added 
to a suspension of red blood cells, the cells were tightly drawn together 
and formed aggregates. The phenomenon was explained as resulting 
from an attachment of the introduced cations to the acidic gi'oups of 
the cell membrane, causing a desolvation and linking-up of the mole¬ 
cules in the adjacent cell surfaces. 

Mvtagonistic Effects of Monovalent and Bivalent Cations. Prolonged 
exposure of lecitliin to molar concentrations of CaCL or MgCb renders 
the substance incapable of swelling again in water. However, myelin 
vesicles which have suffered only a partial dehydration in less concen¬ 
trated solutions of these salts will swell again when the solutions are 
diluted with water. The desolvating effect of the bivalent cations can 
likewise be counteracted by monovalent cations. Thus, moderately de¬ 
hydrated myelin bodies w^hich have remained unchanged in a solu¬ 

tion of CaCL for several hours will grow out into long myelin tubes when 
any of the chlorides of Na, K, or Li are added to the solution, provided the 
total salt concentration does not rise above This indicates that 

the combination of the bivalent cations with the phosphatide molecules 
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of the external membrane is, to a certain extent, reversible, and that the 
bivalent cations can be expelled and replaced by monovalent cations 
whose desolvating action is less pronounced. The reverse is equally pos¬ 
sible. Furthermore, an outgro’wlh of new myelin tubes can be obtained 
when the immobilizing calcium solution is rendered more alkaline, 
whereas acidulation causes a further shrinkage of the bodies. These re¬ 
actions may be reversed several times if the salt concentration is kept 
within a range corresponding to the one tolerated by living cells. 

The apparent antagonistic effect of bivalent and monovalent cations 
upon the sw'elling of lecithin bodies is actually of a merely quantitative 
nature since, at sufficiently high concentrations, both achieve com¬ 
plete desolvation. In consequence of the competition of the different cat¬ 
ions for a combination with the phosphoric acid groups, lecithin is ca¬ 
pable of exhibiting a moderate rate of myelinitic growth in vertebrate 
Ringer, although the outgrowth is much reduced if the proportion of 
calcium ions contained in this solution is applied in the absence of the 
growth-promoting monovalent cations. The repressive effect of high salt 
concentrations upon the swelling of phosphatide vesicles may account 
for the absence of a contractile vacuole in many marine Protozoa, and 
for its disappearance when a fresh-water protozoan is transferred to sea 
w^ater. As to the readiness with which cations are exchanged between 
li\ing cells and their enwonment, reference may be made to the re¬ 
views w^hich appeared in the Symposium on Quantitative Biology^ volume 
8 (1940). 

Permeability of Myelm Bodies, Swelling and shrinkage of a lecithin 
vesicle would be impossible if its external wall were not readily perme¬ 
able to water. Apart from water, a great variety of solutes have been 
observed to enter the vesicles. The criteria used were internal precipita¬ 
tions occurring under the influence of the permeated substance, or 
changes of color of the inner fluid. 

It is clear from the preceding paragraphs that the different metal ions 
mentioned above have no difficulty in passing through the interfacial 
lecithin membrane, their rate of penetration being measured in seconds 
rather than minutes. Shrinkage and internal precipitations occur in 
solutions of histone, egg albumen, and various amino acids (Holtfreter, 
1946c). Hydrogen and hydroxyl ions may equally well enter into a myelin 
vesicle. This can be demonstrated by staining the vesicle in a solution 
containing an adequate pH indicator dye and observing the change of 
color occurring inside the vesicle after an acid or a base has been added 
to the solution. Like the histological “'acid dyes” (fast green, eosin, 
orange G, acid fuchsin), the customary indicator dyes were found to en¬ 
ter the vesicles ^vithout producing noticeable morphological changes. 
These dyes do not precipitate with the lipids, hence are not '^stored,” 
and diffuse out again when the vesicles are returned to pure water. They 
act, therefore, quite differently from ““basic dyes” (neutral red, Nile blue, 
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toluidin blue, basic fuchsin, methylene blue), which are taken up from 
very dilute solutions, become highly concentrated both in the wall and 
in the internal fluid of the shrinking myelin bodies, and cannot be 
washed out again because they combine with the phosphatide molecules 
which become dehydrated. Comparable differences of staining aflSnity 
for the two groups of dyes are observed in living cells and their vacuoles 
and other lipid structures. It must be added that the acidity of rancid 
lecithin changes the color of the permeated indicator dyes according to 
their pH sensithity* The pH of the fluid wdthin the myelin bodies used 
was found to be about 4.8. 

The volume changes of the vesicles occurring in the different solu¬ 
tions discussed above cannot be satisfactorily explained by differences 
of osmotic pressure between the internal fluid and the external suspen¬ 
sion medium, but are primarily caused by varying states of condensation 
of the limiting membrane. Strong concentrations of desolvating chemi¬ 
cals can be observed to cause a shrinkage of successive surface layers 
which slide over and peel off from the subjacent, less desolvated layers 
of the multimolecular wall of myelin bodies.* While contracting, the 
layers exert a marked pressure upon the enclosed liquid, which may es¬ 
cape explosively through a thinned-out and bursting portion of the wall. 
These observ^ations may account for the fact that the cell membrane of 
li\ing cells may burst not only in alkaline or hypotonic media, but also 
under the influence of histone, or basic dyes, which actually desolvate 
the membrane. It w'ould appear that, analogous to the myelin vesicles, 
experimentally induced volume changes of embryonic cells are initiated 
by physico-chemical changes of the cell membrane rather than by os- 
motically controlled variations of turgor of the inner cytoplasm. 

Models of Pseudopods and of Amoeboid Movements. When a fully ex¬ 
tended myelin tube is dried on glass and subsequently covered with 
water, it sprouts out into numerous thin-walled tubules and vesicles 
(figure 22). This indicates that through desiccation the homogeneous 
molecular layers of the tubular wall are disarranged and become oriented 
in new gro\^h patterns when refurnished with water. Corresponding 
configurations are obtained w'hen a swollen myelin vesicle is at first 
partly dehydrated by acid and then exposed to alkali (figure 21). Again, 
the pre^dously homogeneous surface membrane of the vesicle becomes 
differentiated into regions which vary in their readiness to expand when 
the conditions of swelling are restored. This results in the outgrowth of 


* The occurrence of sliding and churning movements within the wall of a myelin body, or of trans¬ 
locations of particles attached to its surface, can be explained by the common assumption that the 
superimposed bimolecular lipid lamellae are separated by "lubncating” layers of water and may ex¬ 
pand and contract independently. Such movements may be wrongly interpreted as indicating a 
liquid state of the entire wall. Similar translocations have been observed in partides attacmed to the 
cell surface of minting amoebae (Schaeffer, 1920) and of dividing sea urchin eggs (Dan, Yam^ta, 
andSugi/ama, 1937), while churning movements occurred in the plasma membrane of denuded sea 
urchin eggs which had been touched by a glass needle (Chambers, 1938). It is stiU a mattw of argu¬ 
ment how many molecular lipid layers may be present in living c^ membranes (Sehmit^ Bear, and 
Ponder, 1936, 1938; Danielli, 1942). If this structure should consist of several molecular layers, then 
the flowing movements observed might involve a superfidal layer having only paracrystalhne struc¬ 
ture and being, therefore, not m a "liquid** state. 
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Figure 21 Myelin vesicle already shrunk in acid, forms at first tu¬ 
bular, then lobose processes when subsequently exposed to alkali 


numerous processes, the size and shape of which resemble the hyaline 
pseudopods which are produced in Ihing cells by the application of 
alkali (compare figlres 21 and 9). With a further raising of the external 
pH, larger areas of the surface film become expanded and the tubular 
processes change into ^oluminous bulges which, by way of local and 
temporal ^ ariations in the rate of sol\ ation, constantly change their out¬ 
lines. Finally, some portions of the swollen periphery may become pinched 
off in the form of % esicles (figure 21). 

Such form changes can be induced by the successhe application of 
many other antagonistic agents which need not ha\e more in common 
than that the first one has a comparathely stronger desolvating effect 
than the second one. Instead of using HCl or other acids, one may 
partly desoh ate the myelin bodies by the application of bi- or multi- 
%alent metal ions, of basic dyes, or of certain proteins (histone, egg al¬ 
bumen). The subsequent local swellings can be induced by the arbitrary 
application of alkali, of mono^alent cations, or simply by diluting the 
solution. The process is illustrated in figure 23, which shows a myelin 
body of the size of a gastrula cell which has first undergone shrinkage 



Figure 22 Numerous filial buds growing out from a ray- 
ebn tube that has been dried and subsequently wetted 

Figure 23 elm body, partly dehydrated by CaCl >, exhibits 
tubular outgrowth after the addition of NaCl to the” solution 

PiGbRE 24 Polar tubular outgrowth in a myelin body containing fatty acid droplets 
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through the action of CaCh, and subsequently expanded into tubular 
and lobose processes when NaCl was added to the solution. 

In addition to the external ^ ariables, local differences in the composi¬ 
tion of the lipid body may cause the sw^elling process to become differen¬ 
tiated into a polar growth pattern. This is shown in the example of 
FiGUEE 24j where regional differences of myelinitic acti\ity are e^idently 
correlated to the distribution of droplets of fatty acid which ha\ e ac¬ 
cumulated in the upper region of the pear-shaped body. The presence of 
free fatty acids results from the advanced state of oxidation of the leci¬ 
thin employed. While in fully expanded myehn ^ esicles the fatty acid 
particles are, in general, imisibly dispersed, an\ dehydrating chemical 
causes them to coalesce into granules and droplets of increasing diam¬ 
eter, which may be finally expelled into the external medium. In the 
present case, the myelin 'v esicle had been deh} drated by a strong solu¬ 
tion of chrysoidin. The dye rendered the body adhesi\e to glass and 
stained it yellow, whereas the coalescing fat droplets stained red. Fol¬ 
lowing the addition of water to the dye solution, the body perfoimed a 
succession of irregular expansions and contractions, while the surface 
membrane in the region of the large fat droplet projected a series of 
pseudopodia-hke processes wliich constantly changed their shape <ind 
e\entually fused into larger bulges (figure 24). With a progressh e swell¬ 
ing of the whole body, the ‘‘‘foot’’ detached itself from the glass and the 
fat droplet broke up again into smaller particles which became dispersed 
in the internal fluid. 

Differential swelling of an indhidual lecithin body can be obtained, 
furthermore, by introducing into it a particle of a dehydrating sub¬ 
stance, such as a basic dye When the bodj is immersed in water, the ex¬ 
tent of sw elling of the different regions inci eases w ith their distance from 
the incorporated particle. How e\ er, even in the absence of formed in- 



PiGUBB 25 Changing pattern of \ancositie8 in a water-immersed thick-walled myelin tube 
PiGUBE 26 Two phases of a constriction pattern in a myelin tube 

FiGtiRE 27 Membranous myehn processes spreading on 
glass, following exposure to a strong Nile blue solution 

Figure 28 AJternate shnnkage and swelling of circumscribed regions of a myelin bodj 
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elusions, myelin formations may exhibit regional differences of swelling, 
indicating that the walls themsehes may be of an inhomogeneous com¬ 
position. Frequently, a myelin tube consists of abruptly set-off segments, 
each ha\T.ng its owm caliber and swelling tendency (figure 25). In other 
instances, the wall appears to be continuous and of equal diameter, yet 
the body may grow out into side branches, or show along its length an 
alternation of bulges and constrictions resembling somewhat those ob¬ 
served in pseudopods (figure 26). Although a regular peristaltic pro¬ 
gression of the constrictions did not occur, it was frequently observ^ed 
that terminal portions became pinched off from a myelin tube. As in 
living cells, fragmentation could be induced by both hydrating and de¬ 
hydrating agents. 

' An imitation of‘■"spontaneous’’ amoeboid movements was observed in 
the example of figure 29. This myelin formation, while suspended in a 
dilute solution of alloxan, shrank somewhat and its surface exhibited 
for a longer period local bulges which were leveled out again and could 
reappear in the same or in another region of the body. Similar mo^e- 
ments of a slightly periodic nature were observed in myelin formations 
vhich had been mildly dehydrated by a solution of Nile blue (Holtfreter, 
1946c, Figure 16). It may be assumed that the movements were brought 
about by the antagonism between water and the desolvating agent, the 
two competing for a combination with the phosphatide molecules and 
replacing each other alternatingly. 

Laminar Processes in Myelin Bodies. Fully hydrated myelin bodies 
which are non-adhesive to glass, to each other, and to the cell surface, 
will stick to and eventually spread over these surfaces when sufficiently 
dehydrated by any of the follov^ing agents; alcohol, acids, metal ions, 
basic dyes, or basic proteins. Figure 28 shows the successive stages of 
transformation produced in a myelin vesicle by the alternate application 
of hydrating and dehydrating agents. It will be noticed that, when the 
prenously non-attached body shrinks and flattens over the glass sur¬ 
face, its periphery forms a serrated margin. In consequence of dehydra¬ 
tion, the lipid components become arranged in new patterns, forming 
^acuoles, rings, and reticular ridges which can be interpreted in terms 
of coacervation (Bungenberg de Jong, 1932, 1935). These flowing sur¬ 
face patterns resemble the ruffles and networks which occur in the mar¬ 
gin of migrating cells and, in a coarser form, in hyaline fragments that 
ha^e been transformed into an adhesive film by way of dehydrating 
fixathes (compare figures 20a, 27, 30c, and 10). 

Locomotion of Lipid Bodies. It is well known that, when an oil droplet 
floating at the water surface is combined with a surface tension lower¬ 
ing substance, such as alkali or lecithin, its spreading is locally increased, 
resulting in the formation of mobile lobes which may become detached 
from the periphery. The following experiment illustrates how the local 
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FiGimB 30. Myelin bodies showing hyaUne bulges produced by alkali (a,b), or a flat¬ 
tened and adhesive margin with surface wnnkles, caused by acid treatment (c). 




FiaintE 81. A droplet of oleic acid moving through a film of cell debris 


incorporation of protoplasmic constituents may induce a unidirectional 
locomotion in floating oil droplets. 
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When an embryonic amphibian cell is brought to the air-water in¬ 
terface, it bursts and releases its content, which spreads as a thin film 
dotted vnth fat droplets. The latter originate from the lipochondria, 
which consist predominantly of neutral fat, phosphatides, and choles¬ 
terol (Faure-Fremiet and de Streel, 1921; Holtfreter, 1946c). IVhen sub¬ 
sequently a small drop of oleic acid is injected beneath this film, it at¬ 
tracts the adjacent lipid components of the film, which are then vigor¬ 
ously absorbed. That side of the drop which is incorporating the surface 
tension-lowering substances flattens and advances in irregular to-and- 
fro movements, while the opposite side remains spherical and immobile 
(figure 31). Thus, the drop assumes the polar shape and kinetic activity 
of a migrating cell. It moves forward by ""eating"’ its way through the 
film, lea^^[ng behind a trail free of visible particles. Eventually, the whole 
drop flattens out and becomes quiescent. 

Membrane Formation in Relation to Gibbs-ThompsofCs Law, It is 
not claimed that the preceding experiment is an ideal illustration of the 
mechanism of amoeboid movements. However, it shows that the proto¬ 
plasm of the amphibian cell contains substances capable of inducing 
surface movements when incorporated into an interfacial layer of an¬ 
other lipid, Pre^’ious experiments have shown that the lipid constituents 
of the lipochondria may combine with the dissolved protein of the yolk to 
form vesicles bounded by a film which has properties similar to those of 
a cell membrane (Holtfreter, 1947a). Apart from the granular cell in¬ 
clusions, the naked cytoplasm of the amphibian egg, when exposed to 
any kind of hypotonic salt solutions, is capable of elaborating mem¬ 
branous structures in the form of vacuoles or vesicles. It may be as¬ 
sumed that, in normal embryos, the constituents of the cell membrane 
are recruited from the lipoproteins of the cytoplasm and that the in¬ 
crease of cell surfaces occurring during development is associated with 
an incorporation of more of these substances into the outer membrane. 

Like other surface active substances, phosphatides, obejnng Gibbs- 
Thompson’s law, tend to accumulate at interfaces. This can be demon¬ 
strated by stirring phosphatide bodies into a water-immersed drop of 
triolein (Holtfreter, 1946c, Figure 6). The bodies move centrifugally to¬ 
ward the surface of the drop, where they spread as an iiiterfecial film 
showing the birefringence characteristic of radially oriented lipid mole¬ 
cules. It is perhaps due to the same principle that the pigment granules 
of the egg tend to accumulate near the egg periphery and along other 
interfaces, iiTespective of their own specific gra\ity. Other possible ex¬ 
amples of this principle are the centrifugal movements of the nuclei in 
centrolecithal eggs, and the migration of ectoderm cells from deeper 
layers into the surface of the amphibian embryo. Once the substances of 
various size and composition have attained a cortical position, they will 
react with each other and with the constituents of the external phase to 
form compounds and structures w’hich are absent in deeper layers of 
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the system. The formation of the 'V’itelline membrane and the external 
coat may be manifestations of such specific inter facial conditions. Fur¬ 
thermore, the pronounced spreading tendency of the ectoderm as weli 
as the proximo-distal polarity of all cells developing from the egg sur¬ 
face are possibly expressions of inside-outside differentials of the egg 
correlated with the Gibbs-Thompson phenomenon. 

In colloidal mixtures, phosphatides not only tend to accumulate at 
the outer interface, but they may create new interfaces in the form of 
internal vacuoles. The physico-chemical mechanism and the cytological 
implications of this phenomenon have been discussed by Bungenberg 
de Jong (1932,1935). In connection with this type of coacervation, an¬ 
other phenomenon may be recorded. It 'was observ^ed that, when the 
composite lipid extract from lipochondria w'as spread on glass as a thin 
layer and covered by a Nile blue solution, it became parceled up into 
cell-like compartments, differing one from another in their lipid com¬ 
position, each unit being surrounded by a film of phosphatides (Holt¬ 
freter, 1946c). This process recalls the neoformation of cell boundaries 
in polynuclear syncytia, such as occurs in slime molds, or in the blasto¬ 
derm of \arious egg types. 


General Conclusions 

The wide range of himilarities existing betw'een the living cell mem¬ 
brane and artificial phosphatide stmctures is a challenge to base an 
interpretation of the functions of the cell membrane upon some of the 
concepts gained from lipid models. In both the cell and myelin bodies, 
there w’as an interrelationship between the phenomena of adhesion, 
swelling, and motility. When embryonic cells were exposed to conditions 
which fa\or the sw'elling of myelin bodies (high pH, lack of calcium, low' 
salt concentration), they underw'ent the following changes; loss of ad- 
hesi^ene^s, increase of the amount of ectoplasmic fluid, rounding-up of 
filiform into lobose pseudopods, spreading of amoeboid motility over pre¬ 
viously quiescent areas of the cell surface, acceleration of the move¬ 
ments. increase in the rate of endoplasmic eruptions. These phenomena 
could be reversed by the application of agents such as low pH, hyper¬ 
tonicity, or calcium, wliich produced slirinkage and adhesiveness in my¬ 
elin bodies. However, prolonged exposure of the cell to the liquefying 
agents caused irreversible changes. Amoeboid motility faded out, the en¬ 
doplasm became dispersed throughout the spherically sw'ollen cell, the 
cell membrane became flabby and permeable to cell inclusions of increas¬ 
ing size, and finally either coagulated or disintegrated entirely. 

Evidently, these phenomena of cytolysis are primarily caused by ir¬ 
reversible clianges in the non-lipid constituents of the cell, particularly 
by a breakdowm of protein compounds. An analogy with myelin vesicles 
exists only in so far as their walls likewise become thinned out and may 
burst w'hen exposed to alkali. It is probably because of the comparatively 
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greater complexity of the cell structures that their irreversible changes 
occurring under extreme culture conditions find no true analogy in the 
beha\dor of lecithin vesicles. Therefore, a comparison of the two systems 
should be confined to the conditions which maintain cellular \dability. 

Polar Structure of the Cell Membrane. The kinetic behavior of isolated 
amphibian cells showed that their capability of assuming specific shapes 
develops gradually, but that, independent of their prospective signifi¬ 
cance, the neurula cells already possess an antero-posterior polarity. 
This primordial organization was manifested in polar differences of ad- 
hesh eness and amoeboid acti\ity, as well as in the tendency of the cells 
to elongate reversibly into cylindrical bodies. While undergoing further 
differentiation, the indmdual cells acquired new and more elaborate 
patterns of adhesiveness and motility, which determined their direction 
of locomotion and their tissue-specific shapes. This process was asso¬ 
ciated Avith an intracellular digestion of the embryonic lipoprotein in¬ 
clusions and, apparently, with a certain amount of dehydration. 

Observational e^idence pointed to the conclusion that the polar or¬ 
ganization of the embryonic cell is primarily controlled by the cell mem¬ 
brane. The facts that the posterior pole always represents the originally 
distal side of the cell, and that the uncoated endoderm cells from the 
interior of the gastrula do not clearly reveal a polarity, seem to indicate 
that the polarity originates from the inside-outside gradient of the egg 
mentioned above. The polar characteristics are partly due to the fact 
that the posterior cell pole retains some of the properties of a coated 
cell surface, such as reduced permeability and adhesiveness, pronounced 
contractility, and the absence of a fluid layer between plasmagel and 
cell membrane. 

However, these considerations do not yet explain the capability of the 
cell to form cylindrical or actinian-shaped bodies. This faculty must arise 
from axial differences of structure encompassing the whole cell surface. 
It has been shown above that, as a consequence of induced local differ¬ 
ences of swelling powder, the originally homogeneous surface layer of a 
myelin body may become heterogeneous and exhibit localized tubular 
growth. Accordingly, it may be assumed that, because of i*ogional differ¬ 
ences in the composition of the cell membrane, its response to solvating 
reagents increases gradually from the posterior to the anterior cell pole, 
and that in later stages further local differences of condensation of the 
membrane are developed. 

In ectoderm cells, the faculty of adopting a specific shape arises at 
the time of their cytological determination, suggesting that the process 
of induction liberates certain compounds, perhaps proteins, which be¬ 
come integrated formative elements of the outer membrane. There is no 
fundamental difficulty in explaining the various forms of amoeboid move¬ 
ment in terms of solvation of oriented lipid layers of the cell surface. 
However, it is conceivable that tangentially arranged fibrillar protein 
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constituents of the cell membrane not only determine the elasticity of 
the cell surface (Harvey and Danielli, 1936) and contribute in differenti¬ 
ating the shape of the cell, but that in cooperation with the lipids they 
are directly responsible for amoeboid movements. Analogous to myosin 
micelles, proteins contained in the cell membrane may undergo re\ ersible 
molecular contractions and extensions. The fact, however, that, in con¬ 
trast to the lipid models, no protein models have as yet been derised 
which imitate in any way the various functions of the cell membrane, 
speaks in favor of the riew that the essential kinetic elements of the 
membrane are the lipids rather than proteins. 

Cellular Adhesiveness. It appears that the most important general fac¬ 
tor determining, simultaneously, cellular adhesion, permeability, and 
motility is the state of solvation of the cell membrane. The physiological 
importance of the mono- and bivalent cations in controlling these phe¬ 
nomena is possibly derived from their readiness of substituting each 
other in protoplasmic compounds. Adhesion and aggregation of em¬ 
bryonic amphibian cells can be brought about by calcium ions in the 
ambient salt solution, provided the latter is isotonic and not too alkaline. 
The bivalent cations seem to operate according to the “zipper mecha¬ 
nism'*’ of Schmitt (1941), by desolvating and pulling together the con¬ 
tacting cell surfaces. This concept presupposes a preponderance of 
acidic groups, possibly phosphoric acids, at the surface of the cell mem¬ 
brane, an assumption which finds support in the cataphoretic behavior 
of some cells, particularly of erythrocytes. 

While in early embrv^onic stages only calcium and hydrogen ions seem 
to be required in order to hold the cells together, an intercellular adhesive 
matrix, presumably of a protein nature, is reported to exist in be¬ 
tween the cells of differentiated epithelia (Gray, 1926; Chambers, 1940). 
Further insight into the nature of such cementing substances may be 
gained from investigations of the kind which Chargaff and co-workers 
(1944) made on the thromboplastic lipoproteins and their function in 
the process of blood clotting. 

The cells in the interior of early amphibian embryos are not firmly 
aggregated. This is, perhaps, a prerequisite for the execution of the 
morphogenetic movements which occur during this period. The lack of 
cellular adhesion apparently arises from the absence, or inactivation, of 
agglutinating substances in the body fluid, since the cells of the differ¬ 
ent germ layers will indiscriminately unite with each other when exposed 
to a balanced salt solution. 

With progressive differentiation, there arise cell-specific differences 
of adhesiveness which are reflected in the display of histotypical patterns 
of aggregation, disaggregation, migration, and recombination of the var¬ 
ious cell strains (Holtfreter, 1939,1944). It is not known whether these 
manifestations of a selective adhesiveness result firom a molecular lock- 
and-key mechanism of the naked cell surfaces (Weiss, 1941) or from the 
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interference of specific cementing substances, which may either exudate 
from the contacting cells themselves or be furnished by the external 
fluid. Weiss (1947), in a recent discussion of the significance of cellular 
‘•‘‘affinities'*’ and ^‘’disaffinitiejs'*'* for the elaboration of gro\\^:h patterns, 
has dra\m attention to the similarities which seem to exist between these 
phenomena and serological reactions. However, aggregations are possible 
between cells or myelin bodies, the membranes of which may be assumed 
to liave an identical molecular configuration. Nor is it likely that the ad¬ 
hesions occurring between cells and other substances, such as glass, oil 
droplets, fibrin, etc., are caused by the presence of complementary sets 
of polar groups at the contact surfaces, comparable to those which are 
thought to determine antigen-antibody reactions. The ease with which 
cellular adhesions can be broken up and restored, and the fact that cells 
migrate in spite of adhesion, indicate that the bonds of attachment are 
very labile. WTien obser\'ing the gliding movements performed by the 
surfaces of contacting cells, one gains the impression that the attraction 
forces operate across an intercalated cushion of water (Holtfreter, 
1946b), suggesting that the merely temporary adhesion of migrating cells 
may be controlled by long-distance forces of the kind which produce the 
tactoid formation in certain colloidal sols. 

Amoeboid Movements, The general rule that cellular adhesiveness de¬ 
creases \nth the swelling of the cell likewise applies to the different 
regions of the indmdual cell, for the surface of an expanded hyaline 
bulge is non-adhesive in contrast to the more contracted region of the 
cell. It seems, therefore, that both non-adhesiveness and expansion of 
the cell membrane involve a state of increased solvation of this structure, 
whereas a more contracted and adhesive condition of the membrane 
would indicate the loss of bound water. The amoeboid movements de¬ 
scribed above consist essentially of two phenomena: (I) periodic expan¬ 
sions and contractions of certain areas of the cell membrane; and (2) 
a more or less regular propagation of these alternate states of activity 
along the antero-posterior axis of the cell. The first phenomenon appears 
to be more readily accessible to an interpretation than the second one. 

\Vith Faure-Fremiet (1929), it may be assumed that, analogous to the 
phosphatide models, the movements reflect periodic variations in the 
spacing of the radially arranged lipid molecules contained in the cell 
membrane. X-ray analysis and polarization-optical studies of phospha- 
tides indicate that variations in the water content of these structures 
not only alter the distance between the bimolecular lipid leaflets but 
also affect the interchain packing of the molecules (Palmer and Schmitt, 
1941). Both in cells and phosphatide models reversible expansions and 
contractions of the external membrane can be brought about by the 
alternate application of a great variety of respectively solvating and de- 
solvating agents. However, it is a matter for conjecture what are the 
intracellular processes that produce the movements in the absence of ex- 
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temal stimuli. Probably an indispensable regulative role in the kinetic 
function of the cell membrane can be ascribed to the antagonistically 
active hydrogen ions and bivalent metal ions on the one hand, and the 
hydroxyl ions and monovalent cations on the other. In addition, a revers¬ 
ible interaction between the phosphatide molecules and the cholesterol 
and proteins present in the cell membrane may determine the extent of 
expansion of this layer. Bear, Palmer, and Schmitt (1941) have sho'vm 
that, in the presence of water, the previously incompatible molecules 
of various lipids (phosphatides, cerebrosides, and cholesterol) will form 
a homogeneous mixed phase where the different constituents become 
lined up side by side, showing a single identity period. Monolayers of 
lecithin undergo a closer molecular packing and, hence, a contraction, 
when cholesterol is intercalated between the lecithin molecules (Leathes, 
1925). In their attempt at interpreting the structure and function of the 
cell membrane on the basis of coacervate models., Bungenberg de Jong 
and co-workers (1932,1935) have pointed to the desolvating and tight¬ 
ening effect of cholesterol, triolein, and oleic acid upon phosphatide 
structures, this process being sti'ongly influenced by the presence of 
electrolytes. 

As to the effect of proteins upon the packing of oriented phosphatide 
layers, reference has abeady been made to the pronounced desolvating 
action of basic proteins (histone, albumen). However, since the resulting 
lipoprotein compounds are practically w^ater-insoluble, it appears im¬ 
probable that strongly basic proteins are engaged in amoeboid surface 
contraction, which is a reversible phenomenon. More adequate models 
of the molecularinteractions in lipoprotein membranes seem to be repre¬ 
sented by the complex monolayers studied by Schulman and Rideal 
(1937). These authors showed that certain mixtures of cholesterol and 
wheat gliadin form a composite liquid film on the air-water interface, 
w^hich gelates on compression. When the pressure is further increased, 
the film liquefies suddenly, because the gliadin is driven from the surface 
film into the underlring water. On decompression, the protein molecules 
reenter the cholesterol film, wdiich expands. This gelation-liquefaction 
process is reversible several times. It is very sensitiv'e to pH and to the 
ratio of the lipid-protein concentration. The applicability of these studies 
to cvi:ological problems is underlined by the observation that cvtolytic 
agents, such as fatty acids or soaps, rapidly penetrate and disperse the 
artificial lipoprotein films, while such agglutinating substances as tan¬ 
nic acid and gallic acid link the protein molecules together into a hydro¬ 
phobic ^‘'skin'’^ which resists the penetration of soaps. 

On the basis of the above considerations, amoeboid movements may 
be conceiv'ed as resulting from localized and alternate states of solva¬ 
tion of the lipoprotein envelope of the cell, these changes being caused 
by reversible interactions between the radially arranged lipid molecules 
and other compounds, possibly proteins. The eflSciency of this mecha¬ 
nism depends upon a balanced ionic atmosphere. The process may be 
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somewhat analogous to the reversible combinations occurring between 
numerous enzymes, or pigments, and their carriers, where again lipids 
and proteins are the most universally present constituents of the sys¬ 
tems (Needham, 1942, p. 20G; Chargaif, 1944). As to the periodicity and 
propagation of the suiface movements, electric phenomena, comparable 
to those which accompany the nerv'e impulse, appear to be involved. 
Hubbard and Rothscliild (1939) made the interesting observation that 
both the unfertilized and segmented eggs of the trout exhibit rhythmical 
changes of impedance, of the frequency of about 1.5 per minute. The 
changeis are interpreted as possibly caused by a thickening or thinning 
of the protoplasmic membrane, involving change in the ability of 
polar or oriented molecules to rotate according to the sense of the ap¬ 
plied current.*" 


Summary 

Based mainly upon observations on amphibian material, the attempt 
has been made to show that many embryological phenomena may be bet¬ 
ter understood if we take into consideration the properties and functions 
of the interfacial membranes which separate the cells from each other 
and from the external medium. While all cells are furnished with a liv¬ 
ing plasma membrane, the periphery of the amphibian egg, and the epi- 
thelia deriving from it, possess an additional covering in the form of a 
coat, which resembles in many ways the hyaline layer in echinoderm 
eggs. The coat, though not considered to be a living and indispensable 
part of the egg, plays an important role in determining the viability of 
the embryo under various environmental conditions, and in controlling, 
but not causing, the morphogenetic movements of gastrulation and neu- 
rulation. This structure seems to consist predominantly of protein 
compounds, containing calcium, which with progressive differentiation 
become more densified and less soluble. 

The cells derived from the egg periphery possess a proximo-distal 
polarity which is expressed in polar differences of adhesiveness and 
amoeboid activity, and in the tendency of these cells to stretch them¬ 
selves reversibly along an antero-posterior axis. These phenomena are 
thought to result from regional differences in the composition of the cell 
membrane, which in turn reflect an inside-outside gradient of the egg 
connected 'with the Gibbs-Thonipson effect. Subsequent form changes 
and directed locomotions of the cells are decisively influenced by their 
inherent axial polarity. 

The kinetic behavior of isolated embryonic cells under various en¬ 
vironmental conditions indicates that cellular form changes and locomo¬ 
tion result primarily from rhythmic expansions and contractions of the 
cell membrane. The endoplasmic core, which is more or less separated 
from the outer membrane by a layer of ectoplasmic fluid, may undergo 
cyclic sol-gel formations which are, however, not the cause of amoeboid 
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movements. A cell becomes fragmented if a constriction wa\e passing 
over the cell surface becomes stationary and cuts progressively deeper 
into the cell body. This phenomenon is brought into relation to normal 
cytoplasmic division. 

Local differences of cellular adhesiveness and amoeboid activity, aris¬ 
ing in the course of development, are regarded as the main factors which 
transform the primitive cell into the specific shapes characteristic of the 
different cell strains. General features of this differentiation process are 
the replacement of lobose pseudopods by filiform and lamellar processes, 
attachment of the cell membrane to thie plasmagel over the major sur¬ 
face area of the cell, and progressive confinement of amoeboid motility to 
the tips of the extended pseudopods, which remain free of endoplasm. 
This process seems to involve a certain amount of dehydration since, on 
exposure to liquefying solutions, half-way differentiated cells may re¬ 
adopt the appearances and kinetics of earlier developmental stages. 
After the cell-specific shape has been established, it may become con¬ 
solidated by the elaboration of an inner cytoskeleton. 

The direction of cellular migration, and the histotypical groupings 
and regroupings exhibited by the various types of cells in a developing 
organism, appear to be controlled by a selective adhesiveness of the cell 
membrane, which varies with the developmental stage and with the kind 
of cells involved. Cellular adhesiveness depends both on the chemical 
constitution of the contacting cell surfaces and on the composition of 
the immersion fluid. From the obser\''ed antagonistic effects of hydrating 
and dehydrating agents upon cellular adhesion, it may be concluded 
that the most universal and essential factor determining adhesion is the 
degree of solvation of the cell membrane. A prerequisite for cellular ag¬ 
gregation appears to be a certain concentration of hydrogen and calcium 
ions in the ambient solution. 

The attempt is made to interpret the kinetic functions of the cell 
membrane on the basis of data on the chemical and physical properties 
of this structure. According to the evidence available, the limiting 
plasma film of eggs and somatic cells consists predominantly of alternat¬ 
ing lamellae of oriented protein and lipid molecules, the latter being 
cliiefly represented by phospholipids. In support of this concept, it is 
showm that many of the features pertaining to cellular permeability, ad¬ 
hesion, and surftice movements can be imitated in models of hydrated 
phosphatide bodies which are subjected to various environmental con¬ 
ditions. The surprising similarities in the physico-chemical behavior of 
cells and mvelin formations suggest that amoeboid movements result 
from alternate states of packing of the oriented lipid molecules of the 
cell membrane. These changes seem to involve reversible variations in 
the extent of solvation of the lipid leaflets, brought about by the action 
of electrolrtes and, perhaps, proteins and other compounds. The wave¬ 
like propagation of the alternate states of film condensation along the 
cell surface recalls the impulses traveling along a nerve fiber. The above 



752 Annals: New York Academy of Sciences 

concept would facilitate an understanding of the fact that cellular nio- 
tility, adhesion, and permeability are usually correlated phenomena and 
that all three are affected when the cell is acted upon by agents which 
interfere with the physico-chemical conditions of the cell membrane. 
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Annals: New York Academy of Sciences 
Discussion of the Paper 

Dr. Rober.t Chambers (New York University^ New York^ N. Y.): 

The study of imitations of living processes by the use of non-living 
material has its good points but requires caution. The plasma-membrane 
is a structure of which we still know practically nothing. To compare it 
with a lecithin-like film or even to regard it as a lipoprotein is still a 
questionable procedure. The plasma-membrane may extraordinarily 
resemble a lecithin film, but its reaction to electrolytes is quite different. 
Dr. Holtfretcr pointed out that the presence of calcium in the medium 
stiffens a lecithin film and suggested that this offers still another re¬ 
semblance to the cell membrane. Let us consider the sea urchin egg. The 
external component of the surface of the egg can be shown to be an 
extraneous coat which overlies the ‘‘'plasma-membrane'” and which is 
removable without detriment to the life of the cell. On the other hand, 
the selectively permeable and physiologically essential component of the 
surface is fluid in the presence of calcium and can be shown to be highly 
liquid when the calcium in the medium is in excess. It is the extraneous 
coat and not the protoplasmic surface film or the so-called plasma- 
membrane which is stiffened in the presence of calcium. 

Dr. Douglas Marsland (New York University^ New York^ N F.): 

I was most interested in Dr. Holtfreter’s observations bearing on the 
physiology of amoeboid movement. Howwer, I find it difficult to agree 
with his conclusion that the force of this movement originates in the 
membrane of the cell rather than in the plasmagel layer. 

One difficulty lies in the fact that the total tension developed in the 
cell membrane—as measured in a variety of cells, by Harvey, Cole and 
others—is of a very low order, not in any case exceeding about 5 dynes 
per centimeter; and such a force does not seem adequate to motivate the 
movements of the cell. Radical deformation of the shape of the cell by 
so small a force would not be possible, especially at such times as the 
plasmagel layer is firmly set—as it is wliile active movements are pro¬ 
gressing, Also, Dr. Holtfreter implies that the force that leads to cleav¬ 
age likewise resides in the membrane; yet, at the time when the cleavage 
fuiTow cuts through the cell, the cortical plasmagel layer of the egg dis¬ 
plays a maximum firmness which resists any displacement of cortical 
granules even by relatively high centrifugal forces. 

A second difficulty is that solation and gelation are not visible proc¬ 
esses which can be observed directly under the microscope. The hyaline 
protoplasm immediately subjacent to the cell membrane is capable of 
undergoing gelation and of developing contractile forces, although Dr. 
Holtfreter seems to assume that this hyaline layer is always in the state 
of a sol. 

The cell membrane is important, no doubt, as regards the orientation 
of amoeboid movement, since any local diminution of the membrane ten- 
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sion would be conducive to the outbreak of a pseudopodium at the 
weakened point. Also, the firmness of attachment between the cell mem¬ 
brane and the subjacent plasmagel must be inipoi-tant, since a pseudopo¬ 
dium can form only in areas where detachment occurs. Such a detach¬ 
ment permits an outflow of plasmasol into the incipient pseudopodium. 
If a residual layer of plasmagel persists subjacent to the area of de¬ 
tachment, the outflowing sol is sieved free of granules and is perfectly 
hyaline. However, sometimes the ^^plasmagel sieve” disintegi-ates en¬ 
tirely, and then the outflowing sol is filled with granules. But whether 
it is hyaline or granular, the plasmasol of the pseudopodium has a capac- 
ity to gelate, and this gelation guides and supports the pseudopodium 
and finally limits the extension and permits the pseudopodium to un¬ 
dergo retraction. 

The dissociated blastomeres of the amphibian embryo provide an 
interesting material for the study of amoeboid movement. Free-living 
amoebae sometimes displayasimilarsetofunusual patterns of movement, 
but not as frequently or as plainly, How^ever, to discard the sol-gel inter¬ 
pretation of amoeboid movement on the basis of these new obseiwations 
does not seem either necessary or justifiable. 

Dr. Warren H. Lewis (The Wistar histitute of Anatomy and Biology^ 

Philadelphia^ Pa): 

Little has been said, so far, about the mechanics of development or 
the forces involved in morphogenesis. Dr. Holtfreter has considered the 
role of the ‘‘‘'cell membrane” in the mechanics of cell movements. I do 
not agree with some of his ideas, but there is not time to consider them 
here, as I wish to deal especially with the mechanics of development and 
morphogenesis which have not been mentioned. 

All eggs and cells have superficial gel layers (gel layer for short) which 
exert continuous contractile tension, a fundamental property of proto¬ 
plasm when in the gel state. Gel layer and endoplasm are reversible 
states of the cytoplasm. The superficial gel layer corresponds more or 
less to the cell membrane of Holtfreter and to the plasmogel plus plas- 
molemma of the amoeba. It consists of a higlily viscous surface layer 
that shades into somewhat less viscous gel layer. The surface layer cor¬ 
responds to plasmolemma of Mast and IIoltfroter\s ‘‘‘'surface coat” of 
amphibian eggs. It is part of the superficial gel layer and might be desig¬ 
nated as surface coat. Tlie superficial gel layer plays a leading role in the 
mechanics of development. Its contractile energy is one of the principal 
forces involved in morphogenesis. 

Local increases and decreases of the contractile tension of the gel 
layer are responsible for changes of cell form, cell locomotion, flow of 
endoplasm, cleavage of cells, and (during development) for the cleav¬ 
age of the egg into its many cells—every cell of the blastula and of even 
later stages has, for a time, some of the superficial gel layer of the one- 
celled egg carried into the depths by the contraction of an equatorial 
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band of the gel layer which produces the cleavage furrow. They also ac¬ 
count for infiltration and interpenetration by migration of individual 
cells among others of their own and of different types and for other 
equally important processes. 

When firmly adherent cells of epithelial membranes act together, 
quite different phenomena result. An increase of the contractile tension 
on one surface of an area of adherent cells that resist distortion will re¬ 
sult in a concave depression, or invagination, on the side of the greater 
tension. Invagination plays an essential role in early development of blas¬ 
topore, neural tube, optic vesicle, optic cup, lens, otic vesicle, nasal pit, 
and probably all other organs that arise from epithelial membranes 
and tubes. 

In addition to cell migrations and invaginations, pulls, pushes, and 
squeezes produced by contractions of gel layers play essential roles in 
development. 

The zebra fish egg has a strong gel layer that exerts contractile ten¬ 
sion in all tangential directions. Contraction of the yolk part squeezes 
endoplasm out of the yolk to form the disk as its part of the gel layer re¬ 
laxes. Large yolk globules are held back by a sieve zone. After endoplasm 
is squeezed out of the yolk, its globules are compressed into polyhedrons 
by continued contraction of yolk gel layer. During gastrulation, con¬ 
traction of the yolk part of the gel layer pulls the attached blastodisk 
over the yolk and at the same time thrusts (pushes) tlie latter against the 
disk. As yolk gel layer contracts, it solates and by the time disk edge is 
pulled to the vegetal pole it has entirely solated. Inner active disk cells 
migrate around its edge to produce involuting germ ring. 

All surface cells oiAmUystoma blastulae are strongly adherent to one 
another by their superficial gel layers. The presumptive areas, vegetal 
pole, dorsal entoderm, ventral entoderm, mesoblast, chordablast, neu¬ 
roblast, and ectoblast behave differently. 

Most vegetal pole area cells migrate inward away from the surface. 
Some invaginate with adjacent dorsal entoderm at the blastopore and 
produce a shallow archenteron. As the superficial ends of vegetal pole 
and dorsal entoderm colls contract, they pull adjacent adherent ventral 
entoderm toward vegetal pole and blastopore and chordablast to the 
edge of the dorsal lip. These, in turn, pull mesoblast and ectoncuroblnst 
toward the vegetd pole and blastopore. 

The arched dorsal lip contracts and advances and pulls row after row 
of chordablast cells over its edge against ventral entoderm, like the 
treads of a caterpillar tractor turning to the ground. This elongates 
chordablast, extends archenteron posteriorly, covers endoderm (yolk 
plug), and reduces blastopore size. As chordablast is turned under, it 
pulls adherent neuroblast toward and finally to the blastopore edge. 
Neuroblast is elongated and narrowed by this pull. 

In the meantime, the superficial ends of the ventral entoderm cells 
contract and reduce its area. This pulls adherent mesoblast and ecto- 
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blast toward the blastopore. The superficial ends of mosoblast cells at 
the mesoentoderm line contract and the cells migi’ate inward. This pulls 
neighboring mesoblast cells to this line where they, in turn, migrate in¬ 
ward until all leave the surface. This pulls adherent ectoblast to the 
blastopore. Mesoderm ingression and dorsal lip contraction result in a 
contrasting constriction around the mesoderm-dorsal lip circle which 
is pai-tly responsible for dorsal lip advance and blastopore closure. 

These vegetal hemisphere contractions reduce its area and push or 
thrust yolk mass against blastocoele and ectoneuroblast and help to 
stretch the latter as it is pulled toward the blastopore. 

Archenteron expansion is probably produced by pressure of fluid se¬ 
creted into it by its lining cells. Secretion of fluid plays an active mechan¬ 
ical part in the development of blastocoele, mammalian blastocyst, 
brain ventricles, optic cup, ear vesicle, etc. 

The factors responsible for the superficial gelation of the cytoplasm 
and for local changes of its contractile tension are unknown. 

Da. J. Holtfreter; 

In reply to Dr. Chambers, I shoxdd like to refer to what I said with 
regard to the difficulty of determining by microscopic observation, 
whether or not such a delicate structure as the plasma membrane has the 
properties of a liquid (see footnote, p. 739). Apparently, all workers who 
have tried to elucidate the physico-chemical properties of this structure 
agree that the outermost layer of li\’ing cells is organized in such a way 
that its molecular constituents cannot move at random, as in a liquid 
phase. If the concept of a paracr}"stalline lipoprotein nature of the plasma 
membrane be accepted,,then churning or other movements observed at 
the surface of denuded eggs should be due to variations in the molecular 
packing of the organized sm’face layer. Furthermore, analogous to the 
translations occurring within the vrall of a myelin body, ‘‘^flomng’’ mo¬ 
tions in the cell surface might be caused by the slipping of a molecular 
surface lamella over a subjacent lamella. As far as the embryonic am¬ 
phibian colls are concerned, their living outer membrane a{>pours to 
have normally a semi-solid consistency. Without the support of the en¬ 
doplasmic gel wall, it can spontaneously exhibit folds of clastic tension, 
mobile ruffles, and long tubular or attenuated ])seudo])odiu. This seems 
to indicate that the mcml)rane is not fluid, and that other forces than 
surface tension determine its shape and motility. However, prolonged 
exposure to salt solutions lacking calcium renders the membrane flabby, 
non-contractile, and highly permeable, whereas, in solutions of a suffi¬ 
ciently high calcium concentration, the membrane slirinks into a def¬ 
initely solid substance which resists being cut with a glass needle. 

With reference to the remarks of Dr. Marsland, I should like to point 
out that the extraordinary size of embryonic amphibian cells makes it 
easy to observe their protoplasmic architecture under the microscope. 
In fact, both the structural and kinetic details in these cells are so spec- 
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tacular that my undergraduates in embryology have no difficulty in see¬ 
ing them. Using the well-recognized criterion of the presence or absence 
of unrestricted Brownian movement, one can readily decide whether the 
granulated endoplasm is in a sol or gel state. I agree, however, with Dr. 
Marsland that in more highly differentiated cells, when granulation di¬ 
minishes and the plasmagel becomes more firmly associated with the cell 
membrane, these two layers can no longer be optically differentiated, 
except at the tip of a pseudopod, where they remain separated by a 
hyaline layer referred to in my paper as ‘■‘'ectoplasmic fluid.’*’ Since both 
this fluid and the plasmagel may be hyaline, their optical appearance is, 
of course, no criterion for the physical state of the protoplasm. 

In the comparatively minute cells isolated from mammals, even such 
an experienced microscopist as Dr. W. H. Lewis (1942) has not always 
been able to recognize a gelated cortex, nor could he detect a reversible 
sol-gel formation when these cells were migrating. Such material is, 
therefore, xmfavorable for an analysis of amoeboid movement. On the 
other hand, Dr. Lewis has published beautiful microphotographs of the 
advancing tip of a slime mold (1942, Figures 1-4) which show clearly 
that in tins organism, as in Amoeba and amphibian cells, the frontal wall 
of the plasmagel is separated from the outer membrane by a spacious 
layer of a hyaline substance, said to be fluid. Furthermore, the outer 
membrane can be seen to perform lively amoeboid movements while the 
subjacent plasmagel wall shows a smooth surface, a fact which obviously 
docs not fit into the sol-gel interpretation held by Dr. Lewis and others. 

The various patterns of movement occurring in isolated amphibian 
cells of different age and tissue derivation are not unusual, since they 
comprise most types of amoeboid movement observ'ed in protozoa and 
somatic cells. Whether the latter can be interpreted along the lines here 
suggested remains to be investigated. At any rate, the current sol-gel 
theory fails consistently to explain the various kinetic phenomena hero 
described, whereas aU these phenomena arc readily covered by the mem¬ 
brane theory advanced as an alternative. Apparently, the mechanism 
here proposed is likewise applicable to the interpretation of ciliary move¬ 
ments. 

Lack of space prevents me from discussing the ideas of Dr. Lewis on 
morphogenetic movements. To avoid n\isunderstandings, I only wish 
to restate my conclusion that the protoplasmic structures defined re¬ 
spectively as coat, cell membrane (plasmalemma), and ])lasiuagcl, differ 
from each other structurally as well as functionally. In cases where these 
layers cannot be distinguished fi-om each other, one should not ascribe 
arbitrarily any function to any one of them which they probably do not 
perform. I am not aware of experimental data showing that the coat, or 
any other superficial ‘■‘'gel layer,” has essentially more to do ^vith the 
mechanics of gastrulation than has been mentioned in my foregoing 
account. 



PROSPECTIVE AREAS 
AND DIFFERENTIATION POTENCIES 
IN THE CHICK BLASTODERJVI 

By DOROTHEA RUDNICK 

Oifeom Zoological Laboratory^ Yale University, 
and Mbertus Magnus College, Kew Haven, Connecticut 

E mbryologists interested in the chick, like everyone else in the 
field, find an expanding technology opening up before them. In the 
last decade, even during the war, microcheinical, histochemical, and 
cytocheiuical tools have emerged and have developed to a degree that 
makes it immediately possible to obtain accurate knowledge of even the 
earliest events in development. It is imperative for embryologists to 
make certain of the definition of their morphogenetic problems, in order 
that the new tools be applied precisely and profitably. The present op¬ 
portunity to examine the factual basis of some classical concepts as 
applied to the chick is thus veiy welcome. 

Germinal Movements during Gasfrulation. The discussion will center 
around problems of the nerv-ous system, commencing mth the relation¬ 
ships of the medullary area to the underlying axial mesoderm. It is char¬ 
acteristic of our uncertainty of the course of early embryonic movements 
in the chick that Dr. Spratt of Johns Hopkins should have been able, 
just recently, to make us readjust all our ideas of early localization by 
his marking experiments on the unincubated blastoderm. 

It will be weU to recall that gastrulation in the chick is performed in 
at least two steps, perhaps three. The first, which has progressed to a 
variable degree at the time of laying, is the delamination of the lower 
layer or liyi)oblast, from an originally single blastodermal sheet. This 
step takes place without much superficial morpliologicril indication. The 
hyjioblast customarily is believed to give rise to the entoderm. The meso¬ 
derm is invaginated from the upper layer mainly by migration through a 
morphologically patent blastojmre, the primitive streak, which takes 
shape in correlation with other visible changes in the embryonic area. 
Descriptions are available of some mesoderm, in (^arly stages, rather 
delaminating irregularly from the upper layer than invaginating in 
orderly fashion through the streak. The first appearance of the streak 
itself presents this picture, which might be considered a preliminary or 
accessory manner of mesoderm formation. 

In view of the current interest in the association of carbohydrate 
metabolism with invagination, it is surprising that Jacobson (1938) has 
thus far been the only investigator to describe the invagination or de¬ 
lamination process in the chick as being accompanied by loss of glycogen 
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in the cells involved. This would make the situation comparable to that 
in the amphibian gastrula, and thus far seems to indicate the only quali¬ 
tative chemical difference that can be correlated mth mesoderm forma¬ 
tion. 

The primitive streak arises by movement of the opiblast layer to a 
median posterior line; material is piled up on either side of this line; 
eventually, a mesodermal sheet grows out underiieatli, spreading at first 
laterally and posteriorly. Only after the streak has reached its maxi¬ 
mum size does an appreciable anterior migration of continuous mesoderm 
take place, i.^., the head-process with its paraxial mesoderm. This 
sheet is preceded by some looser, less coherent mesoderm, the ^‘’anterior 
free mesoderm’’’ or, essentially, the prechordal plate, which has been 
briefly described by Pasteels (1936) as invaginating also througli the 
anterior streak, ahead of the chorda. 

Spratt’s (1946) recent study shows with great exactness the movement 
of carbon marks placed on the surface of the unincubated blastoderm 
cultivated m vitro. His Figure 18 summarizes the information in a co¬ 
herent diagram: it is clear that the whole posterior half of the unincu¬ 
bated blastoderm eventually becomes mesoderm or streak, whereas the 
posterior border of the anterior half is the site of a graded but—in 
peripheral regions—very marked stretching or expansion, considered 
to be an active rather than a passive process. It would seem that we have 
at List a definitive answer to the question of how much epiblast material 
goes into the streak—a question that has received widely differing 
answers, not only from nineteenth-century workers but from re¬ 
cent experimental w'orkers as well (Wetzel, 1929; Pasteels, 1936). The 
fact that the w^ork of Spratt was done in vitro may perhaps invite objec¬ 
tion, but the author controlled liis obseiwations by careful measurements, 
comparing Ins preparations with normally growing ones, and by many 
repetitions. If, working in this artificial environment, he had found a less 
energetic or loss extensive invagination than had previously beem de¬ 
scribed, some reservation of judgment might perhaps be justiiiod, since 
explantation notoriously retards or inhibits many processi's. As the 
case is, however, one fools sure that the displacements are at least as 
radical as Spratt indicates. 

Moog (1944) briefly describes gradients in phosphatase (especially in 
acid phosphatase) in early blastoderms that might possibly coincide 
with this concentration of material in the streak. It would be of particu¬ 
lar interest to follow^ the history of regions that evidently expand most 
actively during this period, to determine if they are the site of enzymatic 
loss, as might be suggested by her findings. 

Tlie disposition of areas of the future embryo in the stage of the maxi¬ 
mum or definitive primitive streak is well known from the maps of Wetzel 
and Pasteels. This plan may be re-projected back on the unincubated 
blastoderm, with results somewhat as in figure 1. In this figure, the 
right half shows merely the boundaries of the streak at its inception, 
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and its definitive stage when the primitive pit, surrounded by Hensen’s 
Node, occupies a position immediately behind the stationary midpoint 
of the blastoderm. The limit of invagination in post-definitive streak 
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Fiourb 1. Diagram of prospective areas in tho unincubated blastoderm, in the light of recent 

experimental results. Right side shows the primitive streak mateiial, and limits of invagination. 

Left shows prospective embryonic areas. Intiamesodormal bounduiies arc all hypothetical. 

stages has also been estimated from SpratVs 1947 figures. The left side 
of the di'awing attem[)ts to show the organ-forming areas, on the basis 
of this information. The medullary area must lie anterior to the invagi- 
nating region, and the mesodermal areas must enter the streak in inverse 
order as compared to their final position. Tliore is no accurate experi¬ 
mental basis for boundaries between the mesodermal areas, except pos¬ 
sibly in the case of tho chorda. 

The line between the mesodermal area and the medullary region has 
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a clear basis in Spratly’s records. During formation of the streak, the 
shape of the medullary area must change from something like a half¬ 
circle to a long ovoid, largely through stretching and wheeling of the 
latero-postcrior borders. As the head-process grows, the anterior half of 
the oval will elongate through diflForential growth greatest in the mid- 
line. This process moves Hensen’s Node and the primitive streak rela¬ 
tively posterior, and swings segment after segment into rectilinear trans¬ 
verse position. At the stage of the definitive primitive streak, all of the 
medullary plate that is really laid out, as a flat area, consists of the 
anterior and lateral parts. The median material, or neural floor, is still 
to be proliferated from the anterior border of Henson’s Node, along 
with the notochord. 

Thus, different parts of the prospective medullary tube have definitely 
different histories. Some are older than others, as epithelial areas. The 
significance of this is e\T[dcnt from the consideration that the impetus 
toward differentiation of the medullary plate is, in all probability, given 
by the emigrating mesoderm that comes to underlie the ectodermal 
layer. The pattern of emigration of mesoderm from the streak is not 
known as precisely as is the history of the superficial layer, but the gen¬ 
eral lines can be sketched from morphological reasoniag and from the 
vital stain experiments of Pasteels. The most anterior part of the medul¬ 
lary area is never underlain by more than diffuse prechordal material. 
The lateral and posterior parts, on the contrary, are underlain by a suc¬ 
cession of mesodermal areas, as the sheet migrates laterally: first, prob¬ 
ably, extra-embryonic blood-forming mesoderm; then heart and lateral 
plate; only later parachordal or somite mesoderm takes its definitive sta¬ 
tion. We definitely do not know the rate or exact directions of this mi¬ 
gration, but its occurrence is beyond doubt. As for the neui'al floor, it 
seems to be evolved from the front of Hensen’s Node pari passu with the 
underlying chorda. The two adhere closely. 

Induction of Medullary Plate. The next consideration is a brief review 
of the ertdonce, for tlic cliick, that medullary ])late arises as a result of 
induction from an underlying layer. It will be recalled that tlu' original 
proof of the dependence of the amphibian medullary pinto oii a stimulus 
from tlie underlying arclienteron I’oof consisted broadly of two types of 
experiment: (1) the test of the ability of carefully specified germinal 
regions (blastopore lip, archenteron roof or later derivatives) to induce 
medullary plate in ectoderm that would normally differentiate into some¬ 
thing else; and (2) the test of the differentiation capacity of isolated 
ectoderm, before and after it is underlain by inducing mesoderm. The 
second test was carried out by various isolation or transplantation 
methods, culminating in the systematic area-by-area investigation re¬ 
ported by Holtfreter in 1936, 

For the chick, Waddington (1930 et seq?) has shoTO that the primi¬ 
tive streak and, to some extent, its derivatives have the capacity to in- 
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duce supernumerary medullary plate in ectoderm of widely varying re¬ 
gions of the blastoderm. ^Voodside (1937) has made clear at what age 
it is possible to elicit this reaction, viz., response is maximal if the graft 
has an opportunity to act while the host streak is developing, and vir¬ 
tually disappears when the host is forming neural folds, lingering longer 
in anterior regions qf the blastoderm than in posterior. It is not easy to 
verify, from published accoimts and figures, if every part of the non- 
medullary ectoderm has been so tested and has proved capable of form¬ 
ing medullary plate when properly stimulated. Certainly, lateral parts 
of the area pellucida ectoderm and some—presumably all—of that of 
the area opaca can so respond. There seems to have been no critical 
test of the area pellucida ectoderm just anterior to the normal axis, a 
region peculiar in that, normally, it is never underlain by mesoderm. 
This test would be of interest. Nevertheless, it seems safe to say that all 
ectoderm of suitable age can be induced to form medullary plate and to 
undergo some regional differentiation. 

As to the efficient stimulus, the very early streak seems not to have 
been tested for inducing capacity; but different parts of later streaks, 
and of the head-process with overlying ectoderm, have proved effective. 
The complexity of the inductions produced by these non-homogenous 
transplants acting in the growth field of a host embryo in vitro is extreme. 
This is perhaps clearest in the long series of cases reported by Wadding- 
ton and Schmidt (1933), which were also heteroplastic (duck to chick 
and vice versa). In this report, the cases in which unmistakable regional 
character or even polarity can be ascertained in the induced medullaiy 
plate are relatively few. IVom these few cases, however, the authors have 
shown some evidence for differences in character of the induction, de¬ 
pending on the region (anterior or mid-streak, head-process, etc.) from 
which the graft was taken. 

There is, thus, satisfactory evidence that medullary induction can 
occur in the chick ectoderm. We may proceed to the evidence that this 
process occurs normally. For the chick, in the stages wlien ectoderm is 
being underlain by mesoderm, separation of the two layers for experi¬ 
mental tests lias not been technically possible. The critical, direct test 
of differentiating capacity of the same region of ectoderm, before and 
shortly after mesodermal contact, has not been [)erformed. Only indirect 
approaches can be cited and they have led to new questions rather tlnin 
to satisfactory answers. 

Some time ago (Rudnick, 1938a), separate pieces of the early streak 
blastoderm were gi’own in vitro. In the earliest series, cuts were calcu¬ 
lated—by the information then available but quite coinciding with 
Spratt’s new data—to separate the forming streak, visibly invagina ting, 
from superficial mesoderm about to be invaginated, and these in turn 
from ectoderm. No embryonic axis differentiated from any piece, but 
merely little clumps or vesicles of tissue. Few tissues could form after 
this drastic partition, namely, generalized tissues like blood, mesen- 
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chyme, epithelium, and, in addition, heart muscle and medullary plate. 
Medullary plate, or rather little tubes or spheres, developed from the 
most anterior (ectodermal) oxplants in a certain percentage of cases. 
It is not certain whether they did so from otlier pieces. At this stage, be¬ 
fore the groove of the streak liad appeared, it seems impossible that 
mesodenn in vagina l(xl througli the streak region could ha^c reached 
the anterior piece, w hicli, howe\ er, contained all or most of the prospec¬ 
tive medullary material. In face of this, one is reduced to two radically 
different altcrnati\ c hypotheses: either the prospective medullary region, 
in toto or in pait, contiiins potencies for medullary differentiation ante¬ 
dating mesodermal induction; or, in pieces cut and explanted, there is 
some irregular invagination or substitute therefor, and this process is 
adequate for induction. Further along this second line of thinking, there 
is the question of the normal prechordal mesoderm—whether perhaps its 
regular route of invagination is not by irregular delamination, which 
could have occun-cd in the isolated explants; in which case the medullary 
tubes would represent forebrain. 

In this material, there was no indication as to what region or level of 
the axis the medullary nodules might represent. Even in explants grown 
from later streaks, from regions where induction by emigrating meso¬ 
derm was possible, no regional differences could be ascci’tained. Clearly 
such fragments present drastic mechanical opposition to regional mor¬ 
phogenesis. 

S])ratt (1940,1942), a sliort time later, reported experiments in which 
regional organiaxtion had been given a much bettor cliancc. These con¬ 
sisted in dividing early blastoderms (pre-streak through head-process 
or later) into only two parts by a transverse cut. If* the cut was made 
approximately through the midpoint of the blastoderm, in pre-streak 
or early streak stages, it is obxdous that all or part of the prospective 
medullary plate would be isolated from tlie intact mesoderm-streak 
region behind. From cultivation of both pieces, Spratt obtained typi¬ 
cally a fairly good axis from the jmsterior ])icce in which the streak 
formed, and a little nodule of medullary plate in the center of the ante¬ 
rior piece. At the time, Spratt interpreted tlie rather sliapeless anterior 
hits as forebrain, and, in a few cases, on subciiltnring, obtained retinal 
pigment from them; the posterior axes he thought specifically deficient 
in forebrain. One wonders if, in \iow of his recent localization cxj)eri- 
ments, he might not wish to revise tliis view and think of the posterior 
axes as being inhibited but not necessarily lacking in any one level. It is 
dear that not only the prospective forebrain but a good bit besides was 
included in the anterior piece, whereas veiy little destined medullary 
material was present in the posterior piece. In development in mtro^ the 
anterior cut border of the posterior piece (where lay most of the prospec¬ 
tive meduUtiry material that was included) remained fixed to the clot. 
This emphasizes the conclusion that the medullarj" plate of the posterior 
axes must have formed largely from epithelium that normally would 
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have entered the streak to become mesoderm. It would seem that Spratt 
has shown here, among other things, that prospective mesoderm also 
can be induced to form medullary plate. 

The anterior pieces again present the problem of whether and by 
what the medullary nodules were induced. To illustrate the difference in 
result, when essentially the same transection experiment is performed 
after the whole brain-forming region is underlain by mesoderm, one 
should consult the figures in Spratt, 1940 (Plate 2). In these cases, the 
anterior piece clearly complements the posterior, and the mosaic char¬ 
acter of the separation of forebrain or its parts from the rest of the axis 
is obvious. 

Thus, attempts to test parts of the medullary field before formation of 
the mesoderm have served to demonstrate our ignorance of the normal 
course of invagination, not to mention our ignorance of the organizing 
substance itself. If, at first glance, things look as if the early medullary 
field in the chick (the site of the later forebrain) possesses some powers 
of self-differentiation, it is not likely that such an explanation will satisfy 
investigators or be allowed to remain without further analysis. 

Regional Orgayiizatioyi of the Medullary Plate. The forebrnin problem 
raised in the preceding section may serve to introduce some discussion 
of the pattern present in the early medullary plate. In searching the lit¬ 
erature for cases where a forebrain has been experimentally induced, one 
finds exactly one instance where an indubitable prosencephalon with op¬ 
tic swellings is figured, as contrasted with vague designations of ^‘head’’ 
or ‘■‘head-fold'” wiiich usually look very unlike any part of a normal chick 
brain. This case is shown in Waddington and Schmidt, 1933, Figure 10, 
and the beautiful induced head lies beside the normal one at about tlie 
same antero-posterior level. The transplant performing the induction 
w^as from a chick: the anterior half of a medium (i.c., pre-definitivo) 
primitive streak, including Hen&en'’s Node (wiiether any material an¬ 
terior to the node w’aa also included, is not stated), placed ^ entral side 
up in the right middle region of the duck host, beneath the opiblast. If 
an}'thing, the induced brain is farther advanced than the host, that is, 
optic swellings are clear. The transplant itself lias differentiated into 
neural tube and a little unspecified mesoderm. The graft material im¬ 
mediately touching the induced optic sw^elling is neural tube, wdiich is 
actually continuous wdth the host induction. The authors also note that 
the most anterior part of the induction is not underlain by any graft at 
all. It seems questionable as to whether the regional cliaracter of this 
induction is to be attributed, 4is the authors do, entirely to the character 
of the graft. Its position with relation to the host embryo is too parallel. 
If forebrain is induced by graft neural tube, as the morphological rela¬ 
tions appear to indicate, one would think that the regional character of 
the induction must be attributable, at least in part, to host influences. 
Unless pre-nodal material w^ere included in the graft, the normal in- 



768 Annals: New York Academy of Sciences 

ductor for telencephalon was not present. The evidence offered by this 
case for localization within the inducing system is thus very unsatis¬ 
factory. 

In the head-process blastoderm, c«aoh level of the medullary plate is 
cai)able of differentiating into a characteristic brain-vesicle, with accu¬ 
rate histological pattern of cell types and layers, when suitably trans¬ 
planted, along witli underlying inesodonn (llawlcs, 1936). This antero¬ 
posterior pattern also seems to be present in the definitive primiti\e 
streak stage, if allowance is made for the condensed nature of the mate¬ 
rial. In preceding stages, especially in those where it is known that the 
definitive relations of axial mesoderm to medullary ectoderm have not 
been attained, no experimental evidence is available. With our current 
increase of understanding of the history of movements and relative posi¬ 
tion of the two layers, a real experimental test of their separate roles in 
the emergence of the antero-posterior pattern will be possible. The evi¬ 
dence found by Spratt, of potency of at least a cellular order to form 
retinal pigment in anterior ectodermal pieces isolated from the rest of 
the axis in pre-streak stages (1942), is a suggestion that the idea of 
pattern in the ectoderm itself must not be neglected. 

Transverse organization of the medullary plate, which changes to 
dorso-ventral order in the embryo, is a process completed, in the cases 
studied, later than that of the antero-posterior axis. The cases studied 
are those of the eye (Clarke, 1936) and the neural crest as indicated by 
pigment cells (Rawles, 1940; Ris, 1941). In both instances, the histo¬ 
logical potency to form these lateral or dorsal structures is retained by 
the isolated median or ventral strip some time after the formation of 
medullary folds. The exact movements of material in these cases have 
not been followed. There is a slight chance, for the eye, that a tenuous 
strip median in the anterior medullary plate, too narrow to be tested by 
current methods, may, from the first, be unable to form eye tissue, and 
that the diencephalic floor arises by enlargement of this strip. The situa¬ 
tion looks much more like a gradual separation of a continuous eye field 
into two laterally placed ones by the actual loss of ability of the medial 
cells to perform a certain histogenetic task. The case of the neural crest 
nudanophores is clearly of this type. This bilateral or donso-ventral pat¬ 
tern stabilization seems to be a much slower process than medullary 
induction jjcr sc. In the amphibian forebrain, the mesoderm lias been 
shown to })lay a critical role. This would certainly recpiire some localiza¬ 
tion of pattern in the mesoderm, even if its expression in the ectoderm 
emerges only slowly. 

A morphological basis for a medio-lateral pattern in the invaginated 
mesoderm is more immediately clear than it is for an antero-posterior 
one. It has already been pointed out that the lateral parts of the pro¬ 
spective medullary plate are underlain by a progressively migrating meso¬ 
dermal sheet and are, thus, subject to contact with a succession of meso¬ 
dermal areas. In the midline, ectoderm and mesoderm are at first massed, 
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without epithelial relations, in Hensen^’s Node, and grow forward to¬ 
gether from that position. This process has been compared to the groui:h 
of a tailbud blastema. It is probable that intermediate gradations be¬ 
tween these differing processes occur in intermediate regions. Thus, 
with reference to time and pattern of contact between the two layers, 
a medio-lateral differential is ready for analysis by more refined trans¬ 
plantation and by cytochemical methods. Furthermore, at the time these 
patterns are being realized, excised areas can be regenerated from sur¬ 
rounding tissue—even the whole of Hensen’s Node (Waddington, 1930 
et seq.). This offers another means to study the time required for acquisi¬ 
tion of new potencies or for the loss of others. These suggestions are 
made in order to emphasize that, in spite of some of its drawbacks as 
experimental material in early stages, the chick embryo has definite 
morphological features which, once understood, promise to make it espe¬ 
cially valuable for study of some general problems of vertebrate pattern. 

Differentiation Mechanisms. It would seem convenient to distinguish 
tliree types of activity concerned in the differentiation of a nervous sys¬ 
tem from a medullary plate: (1) secretory, responsible for the mainte¬ 
nance of the various cavities of the central nervous system; (2) mass- 
movements within the whole epithelium, or large groups of its cells, re¬ 
sponsible in the first place for closure and shaping of the nem*al tube, 
subsequently for formation of layers, cell columns, nuclei, etc., within 
definite parts of the medullary tube; and (3) differentiation of individual 
cells in various directions, such as neurons of several types, supporting 
elements, ependyma, etc. The first actmty has not been the subject of 
adequate study, though the chick embryo would seem to offer an excel¬ 
lent object in which the nature of the barrier between tissues and cavi¬ 
ties could be investigated. It is proposed to consider the second and 
third processes here, briefly, with reference to posvsible relations one to 
another. 

The induction reaction itself is, of course, of the nature of an epithe¬ 
lial reaction, first visible in the maiked heightening of the colls of the 
induced region. Subsequent processes are also related to the properties 
of an epithelium, not to single cells; e.g.^ the changes in form and polari¬ 
zation responsible for the closure of the neural tube. Hobson’s (1941) 
observation that closure, previous to actual fusion of tlic medullary 
folds, can be reversed neatly by dehydrating agents such as a drop of 
glycerine, calls for further analysis. In later stages, the formation of cell 
layers, so characteristic of various parts of the brain and neural tube, 
must also be regarded as a series of mass patterns ^vithin an epithelium. 

As a contrast, we have the cellular differentiation that has been long 
and closely studied, whereby single cells apparently undergo the charac¬ 
teristic changes involved in forming neurofibrillae and putting forth 
nerve processes which then acquire peripheral connections. Barron’s 
(1946) recent interpretative study of differentiation in the motor area 
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of the brachial region of the spinal cord may be cited. He finds that cer¬ 
tain individual cells of the neural epithelium of the basal plate stait 
differentiation i?i situ, but that this process is correlated with a periph¬ 
eral migration to the position which will be occupied by the ventral 
horn, llie first pioneer fibers of the ventral root conic from mchprh/iar// 
neuroblasts. In addition, other cells migrate out from the epithelium in 
an apparently undifferentiated condition, and later become secoyxdary 
neuroblasts by differentiation in striking proximity to the dendritic proc¬ 
esses or cell bodies of the primary neuroblasts. Hamburger and liis stu¬ 
dents (c/. Hamburger and Keefe, 1944) have already formulated the 
idea of a cell-to-ceU induction, which BaiTon suppoils on morphologi¬ 
cal grounds, as a result of their experimental studies on altering the pe¬ 
ripheral load of the brachial or lumbosacral region of the cord. They 
have shown that the marked development of the motor columns in 
these two regions is directly dependent on the presence of a periphery 
with which the motor fibers leaving the cord may connect, and not on 
any central connections outside of the few segments comprising the 
limb area of the cord (Hamburger, 1946). Furthermore, the peripheiy 
controls the development of the motor columns not by regulating cell 
di\isions or number of cells within the cord, but by controlling cell differ¬ 
entiation, Le,, the formation of motor neuroblasts in the ventral horns. 
A cell-to-cell mechanism, whereby a pioneer neuron, once it connects 
with the periphery, puts out one or more dendrites and simultaneously 
becomes capable of inducing neighboring undifferentiated cells to follow 
its lead, until the periphery is loaded, provides a most attractive hypoth¬ 
esis, imiting direct experimental investigation. The only lack is a sug¬ 
gestion of what initiates the process in the first place. 

The polarization miscroscope studies of Hobson (1941) form a very 
interesting beginning of optical studies of the neural epithelium just 
before and after closui*e of the tube. The indication is of an orientation 
of protein micells in the long axes of the cells (that is, radiating out 
from the center of the tube) and lipoid components perpendicular to the 
protein. A great share of the birefringence was observed in the various 
membranes (limiting, cell, and nuclear). This particxilar typo of orienta¬ 
tion is by no means peculiar to neural epithelium in the cliick embrYo. 
It would, however, be most interesting to make similar observations in 
slightly later stages, when tliere is more zonation in the jieural wall and 
the pattern of cellular emigration that has just been discussed is better 
established. It might, thus, be possible to detect differences in content 
or structure of the migrating individual cells. 

]Moog’s (1943) studies of the phosphatase distribution at various stages 
of the developing spinal cord show some striking patterns, some of which, 
such as the median band of alkaline phosphatase, seem very difficult to 
understand. The preparations are not figured or described minutely 
enough to ascertain differences of individual cells, so that it is impossible 
to say if phosphatase gives any promise of being involved in the differen- 
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tiation under discussion. The program will evidently be to continue to 
look for cytoclieinical and cytopliysical differences between individual 
cells in the neural tube, until the specific difference between migi‘ating 
and non-migrating individuals becomes apparent, as well as subsequent 
differences between neuroblasts and undifferentiated cells. A cytochemi- 
cal cell lineage of the elements and derivatives of the neural epithelium 
is a highly desirable goal which, 'when available, will perhaps offer the 
clue to the mechanism or mechanisms involved. 

It is possible that the two major actmties in neuron formation— 
emigration and putting forth nerve processes—are merely steps in one 
single course of surface changes. Under this \iew, a series of events 
would be early initiated in all cells of the neural epithelium, which would 
progress more rapidly in some cells than in others. In cells changing most 
rapidly, some double threshold would be crossed and those cells would 
become primary neuroblasts, simultaneously undergoing internal rear¬ 
rangement, changing external form, and losing contact with their neigh¬ 
bors to slip outside the epithelium. In cells where the process moves 
somewhat less rapidly, only an intermediate threshold would be at¬ 
tained. Surface changes would go only so far as to permit these cells to 
migrate out of the epithelium in a generally rounded state, requiring a 
further stimulus from outside—an induction—to become neimoblasts; 
these would be the secondary type. Large groups of cells in wliich either 
threshold was reached at the same time would provide a basis for cell 
layers, columns, etc., as in the differentiating brain epithelium. 

It would be well to note that these formal relations within the epithe¬ 
lial structure of the neural tube do not hold any exclusive key to differ¬ 
entiation of neurons. Nerve cells may differentiate in transplanted ma- 
tei’ial that has never had an opportunity to form a tube or more than a 
most irregular and distorted epithelium (Rudnick, 19S8b). It is only 
necessary to consider the neural crest to realize that no epithelial history 
at all is requisite to neuron differentiation, however important it may 
be for the larger pattern of the central nervous system. 

If it seems that the foregoing review has been more concoriiod with 
exposing our ignorance than with recordhig progress in the understand¬ 
ing of developmental processes in the chick, it can certainly be replied 
that the morphological task before us is a most exacting one. We are 
really faced with ascertaining individual cell difforonces and cellular re¬ 
lations in material in which, until recently, one cell seemed to look just 
like another. The fact that all cells in the blastoderm or in the neural 
tube do not behave alike has led to various hypotheses concerning the 
mechanisms responsible, viz.^ progressive internal change; cell contact 
with chemical or physical effect; even production of substances and their 
transfer over some distance. The soi*ting-out of these possibilities in¬ 
evitably requires more and more detailed knowledge of cellular relations 
in normal development. The morphological questions we are now trying 
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to answer would have been meaningless in the classical period of descrip¬ 
tive morphology, and, in this sense, it can be submitted that progress is 
being made. 
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BIOCHEMICAL DIFFERENTIATION DURING 
AMPHIBIAN DEVELOPMENT* 

By E. J. BOELL 

Osbom Zoologkal Jjahoratory^ Yale Unhersity^ New IJauen^ Connectknt 


Studies on the Primary Organizer 

B iochemical studies of the so-called primary organizer or neural 
inductor of the amphibian embryo have been directed along two 
main lines. In the first place, following the discovery that induction of the 
nervous system could be brought about by agencies other than living 
embryonic tissues, attempts were made to determine, by various implan¬ 
tation techniques, the nature of the chemical substance or substances 
which presumably were involved in the process. The literature on this 
subject is not without interest, but, it must be confessed, our knowledge 
of the chemistry of the natural inductors lias not been greatly enhanced 
by the numerous studies of this type. Nevertheless, it can hardly be 
doubted that the interaction between the invaginated chorda mesoderm 
and the presumptive neural plate, leading to the histogenetic and mor¬ 
phogenetic differentiation of the ner^'ous system, involves the operation 
of specific chemical substances even though their precise nature and the 
means through which they exert their influence are unkno^vn. More¬ 
over, it seems increasingly clear, especially in view of Holtfreterts (1944, 
1945) recent Results, that embryonic tissue contains inducing substances 
in bound or inactive form and that, as suggested by Needham (1942), 
a number of physical and chemical agents are effective in bringing about 
their release. 

Respiratory Rates of Dorsal Lip and Ventral Ectoderm. The second 
line of work has been concerned with an analysis of the metabolic char¬ 
acteristics of inducing and non-inducing parts of the enibiyo in an at¬ 
tempt to determine whether the developmental events associated with 
the phenomenon of induction could be correlated in any way with special 
biochemical processes or properties in particular regions of the embr}"o. 
It is perhaps natm*al that some of the earliest efforts in this direction 
should concern the study of the overall metabolism of various regions of 
the gastrula as revealed by tlieir total oxygen uptake. The first investiga¬ 
tion was undertaken by Bracket (1935), when lie measured the effects of 
localized cautery on the respiratory metabolism of Ram temporaria 
gastrulae. His results indicated that "destruction of the cells in the vicin¬ 
ity of the dorsal lip produced a somewhat greater reduction of oxj^gen 

• It is a pleasure to record my thanks to Dorothy Burgess Everett for her invaluable assistance in 
securing the data represented i n the section on *‘The Development of Enzyme Systems in the Embryo, 
and for her careful preparation of the graphs in this paper. 
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consumption than when a con-esponding area from the opposite side of 
the embryo was removed. Measurements of the carbon dioxide produc¬ 
tion of dorsal lip and ventral ectoderm oxplants yielded essentially simi¬ 
lar results (Brachet, 1935). In these studies, quantitative estimations of 
the amount of tissue used in the comparative tests were not made, so 
that the results, although highly suggestive, had to be iritorprcted cau¬ 
tiously. However, in later work (Brachet, 1936), Kjeldahl nitrogen deter¬ 
minations were made on the explants of Discoglossus gastrulae after 
their carbon dioxide production had been measured, and the results in¬ 
dicated in this case that the rate of carbon dioxide production by pieces 
of gastrula from the dorsal lip region was imquestionably gi-eater than 
that of ventral ectoderm. 

At the same time, the oxygen consumption of explants of Trifoti 
alpestris gastrulae was measured by WaddingtOn, Needham, and Brachet 
(1936) in a modified Gerard-Hartline respirometer. In most cases, the dor¬ 
sal lip was found to have a greater oxygen consumption than the ventral 
ectoderm, but when respiration was related to dry weiglit no difference 
between dorsal lip and ventral ectoderm was noted. 

By an ingenious method, Brachet and Shapiro (1937) measui*cd simul¬ 
taneously the oxj'gen consumption of the two halves of the intact gas¬ 
trula of Rana syhatica. The egg was placed in the center of a capillary, 
so that the respiration of one hemisphere could be directly compared 
with that of the other. WTien the gastrula was oriented so that its dorsal- 
ventral axis was perpendicular to the long axis of the capillary, xio differ¬ 
ence in the respiratory rates of the two halves of the egg was observed. 
However, when the dorsal lip region and ventral ectoderm were directed 
toward opposite ends of the capillary, the respiration of the hemisplicre 
containing the dorsal lip was some 40 per cent greater thjui that of the 
opposite side. This does not necessarily indicate that the dorsal lip has 
a more intense metabolism than the opposite side of the gastrula, for, as 
Fischer and Hartwig (1938) have pointed out, it is unlikely that tlie in¬ 
dex drops in the two limbs of the capillary were being influenced l)y 
equal amounts of n'spiring tissue. 

Following this, Brachet (1939) fui-tiier investigated Ihe respiration of 
explants of gastrulae, using largo numbers of pieces in the Meyerhof- 
Schmitt resphometer. Because of the insensitivity of the instrument, 
respiration load to bo followed for 20 to 30 hours. BraclK'f's results indi¬ 
cated that the respiration of the dorsal lip region of Dhcoglosam gas- 
trulac was, on the average, some 30 percent greater than that of the ven¬ 
tral ectoderm. Carbon dioxide production averaged 84 per cent greater 
in the dorsal lip region. In a second series of experiments, Brachet 
(1939), using the Brachet-Shapiro apparatus for measurements on the 
intact gastrula, reported that the average value for the respiration of 
the dorsal lip-containing half of the gastrula of Rana temporaria was not 
significantly different from that of the half containing the ventral ecto¬ 
derm. However, carbon dioxide production, measured on the intact 
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gastrula by a modification of the same method, was again seen to be 
much greater in the half containing the dorsal lip. 

Fischer and Hartwig (1938), using as many as 60 explants in Warburg 
respirometers in experiments lasting from 16 to 23 hours, obtained an 
average figure for the respiration of the dorsal lip of 2.34 cu.mm, per 10 
mg. dry weight per hour. The corresponding value for the ventral ecto¬ 
derm was 1.83, In experiments of shorter duration, 6 to 9 hours, the 
difference was less, the averages being respectively 2.13 and 1.92. 

Using the Cartesian diver technique, BoeU and Needham (1938,1939) 
and Boell, Koch, and Needham (1939) measured the oxygen consump¬ 
tion of explants of dorsal lip and ventral ectoderm of two species of am¬ 
phibia. In these experiments, made on single explants, the respiratoiy 
measurements were confined to a period of 3 hours following isolation of 
the explants and their insertion into the divers. These investigations 
showed no significant difference in the average respiratory rates of dorsal 
lip and ventral ectoderm, and confirmation of this result was obtained 
\vith Rana temporaria by Needham, Rogers, and Shen (1939). In our work, 
some variation was noted in the relative rates of respiration of the two 
kinds of tissue from experiment to experiment. Out of a total of 28 tests 
in which the tissue fragments whose respiration was being compared 
were isolated from the same gastrula, 9 showed the rate of oxygen up¬ 
take of the dorsal lip to bo greater than that of ventral ectoderm. In 16 
experiments the opposite was true, and in 3 cases the respiratory rates 
of the two regions were identical. Bracket (1946, p. 389) has suggested 
that the variation in our results may have been due to the effects of tissue 
cytolysis at the air-fluid interface because of the small amount (2 cu.mm.) 
of Holtfreter'^s solution used in the divers. However, calculation shows 
that, even with the largest tissue samples, the volume of saline in which 
the tissue was supported was about 8 times that of the tissue, and in the 
majority of the experiments this figure was nearer 20. Examination of the 
tissues in the divers at the end of the experiments revealed thfit they re¬ 
mained well-healed and could be removed intact for Kjeldahl determina¬ 
tions. Furthermore, in most cases the respiratory 'rate was constant 
during the experimental ])eriod. seraif^'' states Bracliot, indice 
(Tun Hat phpdologique devieurc normaV'" As Avill appear below, it is 
highly probable that the variation in our results was due to the fact that 
the dorsal lip and ventral ectoderm differed in composition from ex¬ 
periment to experiment. 

The experiments which have been mentioned in the discussion thus 
far are summarized in table 1. They were performed on embryonic ma¬ 
terial from different species and under various experimental conditions. 
It is unlikely, however, that such factors are solely responsible for the 
lack of agreement in the results. Bracket (1939) has stated that, in ex¬ 
periments of short duration, the respfratory rates of dorsal lip and ven¬ 
tral ectoderm are essentially identical, but that in longer experiments 
the respiratory rate of the dorsal lip is greater. This is due, he believes, 
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Table 1 

Summary op Work on the Respirvtory Rates or Dorsvl 
Lip and Ventral Ectoderm in the Amphibian Gastrul\ 


Investigator 

Material 

Rate DL 

Rate VE 

ELI VE 

Waddington, Needham, & Brachet 

T, alpestris'^ 

0.93 

0.21 

1.10 

Brachet & Shapiro 

jf2. sylmtica^ 

85 

58 

1.47 

Fischer & Hartwdg 

A. mexicanum^ 

2.3 i 

J.83 

1.28 

Fischer & Hartwig 

A. mexlcanum^ 

2.13 

1.92 

1.11 

Boell & Needham 

Discoglossus^ 

4.80 

4.93 

0.98 

Boell & Needham 

A. mexicanum* 

3.21 

3.18 

1.01 

Boell, Koch, & Needham 

A. wexicanim^ 

5.3 

4.2 

1.26 

Brachet 

jK. temporaria^ 

0.164 

0.153 

1.07 

Brachet 

Dlscoglossvs^ 

4.1 

3.1 

1.31 

Needham, Rogers, & Shen 

R, temporaria^ 

3.74 

3.78 

0.99 


Respiratory rates 0*1. O 2 consumed per hour) are based on the following units of tissue: I. milligram 
dry weight; H. gram wet weight; 8 .10 milligrams dry weight; 4. milligram nitrogen; 5. not stated by 
the author. 


to the fact that the dorsal lip tissue differentiates more completely after 
excision from the embryo than ventral ectoderm and that its respiratory 
rate thei-efore increases during the process, whereas that of ventral ecto¬ 
derm does not. Although this seems a plausible explanation, it is likely 
that the variations in the results reported above are duo even more to 
fundamental differences in technique. Perhaps the factor of greatest im¬ 
portance has been the failure of various workers to use corresponding 
areas of dorsal lip and ventral ectoderm for comparison. This is under¬ 
standable, however, when it is remembered that the various presump¬ 
tive areas of the gastrula have only statistical boundaries. So-called 
dorsal lip material varies in composition with the age of the gastrula. 
In the very youngest stages, it consists exclusively of chorda mesoderm, 
most of which has not yet been invaginated. In later stages, it is com¬ 
posed of a double layer of tissue, the outer one representing presumptive 
neural plate and the inner layer comprising chorda mesoderm or archen- 
teron roof. In a given isolate of dorsal lip, the relative amounts of meso¬ 
derm and ectoderm will vary, accordingly, with the age of the gastrula 
from which it is taken as well as with the size of the ox plant. Fui*thor- 
inore, the term ^Ventral ectoderm” denotes no well-dc(incd zone in the 
gastrula, and the respiration of a fragment of ectoderm may therefore l)c 
expected to vary somewhat, depending upon its position in the gas¬ 
trula. 

Regional Tariatioyi in Respiration of Gastrular Eonplants, In moi’e re¬ 
cent work, some of these considerations have been taken into account, 
and comparisons have been made of the respiratory rates of presump¬ 
tive regions taken from various levels of the gastrula (Boell and Nicholas, 
1940; Boell, 1942; Barth, 1939,1942). The results of these experiments 
are summarized in table 2 and indicate that differences of considerable 
magnitude appear in the oxygen consumption of different areas from 
the same gastrula. There seems to be a gradient of respiratory activity 
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FiOtTRE 1. Diagram showing method of dissecting pieces of tissue used in the e\peri- 
ments summarized in figure 2 and table 2. Piece 1 refers to the dorsal lip region. 

extending from the animal poleto the vegetal pole with the more anterior 
part of the presumptive neural plate showing the highest rate of respi¬ 
ration. x\s might be expected, some variation in the absolute levels of the 
various regions is apparent from gastrula to gastrula, but the general 
pattern of respiratory rate is similar to that indicated in figuee 2. 

Table 2 

Respibatiox of Various Regions op the Gastrulv 


Regim 


Q'02 

P B ave. 

Dorsal lip 

31 

2.1 

0.07 

Presumptive neural plate 

U 

49 

0.28 

Anterior ectoderm 

20 

45 

0.16 

Posterior ventral ectoderm 

10 

3.0 

0.19 

Yolk endoderm 

13 

1.3 

0.09 

Right lateral ectoderm 

3 

3.1 

0.11 

Left lateral ectoderm 

(> 

.3.4. 

0.31 

Chorda mesoderm 

6 

1.2 

0.09 


Furthermore, it appears tliat the differences in respiration among the 
various regions are more marked when the pieces used for comparison 
are small and represent well-localized areas. The use of small pieces of 
tissue in respiration studies has been criticized by Cliild (1946, p. 127). 
It may be stated, however, that the pieces of tissue used in the work 
summarized in table 2 were somewhat larger than those used routinely 
in transplantation experiments. 

Barth (1942) has measured the oxygen uptake of explants of three 
species of Amphibia by means of a micro-Winkler technique. Although 
lus measurements were made on several gastrular pieces of somewhat 
larger size than those in our experiments, the results obtained were 
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similar to those already mentioned. It thus appears that the relative 
respiratory rate of dorsal lip tissue depends upon the particular region 



Figure 2. Graph showing the variation in the respiratory rates, Q' 02 , of various regions of 
the gastrula of Amblyatoma punctaium. DL—dorsal lip matenal.PNP-= presumptive neural 
plate. A.ECT—ectoderm from the region of the animal pole. P.ECT-ectoderm from region 
between animal and vegetal pole on ventral side of the gastrula. YE -yolk ondoderm. 

of the gastrula with wliich it is compared, being higher than that of 
ectoderm if the latter tissue is removed h'om near the vegetal pole, and 
lower if it is taken from the animal pole of the embiyo. This factor is 
doubtless mainly responsible for the differences in the rc'sults of various 
workers reported in table 1. Moreover, it seems tlie most likely explana¬ 
tion of the variation in the relative resjiiratory rates of dorsal lij) and 
ventral ectoderm from gastrula to gastrula rcfiorted by Booll and Need¬ 
ham (1939). 

Dorsal lip material represents a double layer of tissue while the other 
regions selected for study are generally thinner. One miglxt question, 
therefore, %vhether sufficient oxygoii from the air in the gas sj)ac(' of the 
divers was diffusing into the dorsal lij) tissue to maintain respiration at 
its potential maximum. Therefore, a number of experiments w'crc per¬ 
formed in which the divers were filled \rith oxygen instead of air and 
data obtained on the relative respiratory rates of the various regions of 
the gastrula under these conditions. Comparative figures are presented 
in TABLE 3- These experiments show clearly that the difference between 
dorsal lip and ectoderm is due to intrinsic dissimilarities in the tissues 
rather than to differences in the availability of oxygen. The lower respir- 
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Table 3 

Comparison of the Respiratory Rates or Regions 
OP THE GaSTRUI^V IN AtR AND IN PuHE OxYOEN 


Region Air Oxygen 




Per cent 

©'02 

Per cent 

Dorsal lip 

3.1 

43 

1.6 

SO 

P. neural plate 

4.9 

100 

3.3 

100 

Ant. ectoderm 

4.0 

92 

3.2 

100 

Post, ectoderm 

3.0 

57 

1.8 

56 

Yolk endoderm 

1.3 

27 

0.8 

25 


atory rates in oxygen as compared %vith the average values in air are 
simply a reflection of the variation in oxygen uptake in different gas- 
trulae. Pure oxygen, apparently, has no deleterious effect on the tissue 
explants, and it maybe recalled that Pamas and Krasinka (1921) showed 
that pure oxygen was ^vithout effect on the respiration of intact embryos. 

Regional Distribution of Yolk and the Respiratory Rate of Yolk-Free 
'^''Active'''' Material in the Gastrula. The amphibian egg contains a large 
amount of yolk which is distributed asymmetrically between the animal 
and vegetal poles (Bragg, 1939; Daniel and Yarwood, 1939). Although 
important as raw material in developmental processes, yolk is generally 
believed to be relatively inert metabolically. Pickford (1943) found that 
the dipeptidase activity of yolk is negligible, and Boell and Shen (1944) 
have shown that yolk obtained by centrifuging homogenates of whole 
amphibian embryos possessed very little cholinesterase activity. In view 
of the differences in the yolk content of the various regions of the gas- 
trula, it seemed likely that the differences in respiratory rate might simply 
reflect the presence of varying amounts of yolk. 

Accordingly, determinations of the yolk content of pieces of the am 
pliibian gastrula corresponding to those used in respiration experiments 
were made (Barth, 1942: Boell, 1942). In the latter work, pieces of gas¬ 
trula w'ore centrifuged in the Beams air-turbine centrifuge after their 
initial volume lind been determined. Centrifugation at high s{)eedb com¬ 
pletely disrupted the tissues and stratified their components so that the 
amount of yolk could be estimated voluinctrically (FUiURK 3). The yolk 
content of the various regions of the gastrula is summarized in table 4. 
These figures differ rather widely from the indirect determinations of 
Barth (1942), but accord Avith the older measurements of McClendon 
(cited by Needham, 1931), who found that about 78 per cent of the ifawas 
pipiens egg is represented by the yolk fraction. 

From the data in tables 2 and 4, it appears that the respiratory rate 
of a piece of tissue is inversely proportional to its yolk content or directly 
proportional to the so-called"^‘‘active’’material (figure 4). If a direct rela¬ 
tionship actually exists between respiration and active substance, one 
might reasonably expect the extrapolated curve in figure 4 to intersect 
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Figurh 3. Diagrammatic representation of the stratifica¬ 
tion of gastrula explants after high-speed centrifugation. 

the abscissa at zero. The fact that it does not do so presumably means 
that the ‘‘active^’ fraction still includes substances, such as lipoidal ma¬ 
terial and pigment, which are metabolically inert. It is interesting to 
note that, when respiration is corrected for the amount of inactive ma¬ 
terial indicated by the graph, the respiratory rates of different parts of 
the gastrula are approximately identical. It may be mentioned in pass¬ 
ing that the inability to obtain, by direct means, a measure of the mota- 


Table i 

Yolk Contekt of Vabtous Regions op the Gastbula 
AND ReSPIBATEON OP “ACTIVE MATERIAL*’ OP THE TiSSUE 


Rpghn 

No. deter- 
minations 

Per rent 
yolk 

Per cent act ire 
material 

Re.^p. 

Dorsal lip 

7 

56 

4i 

1.8 

Presumptive neural plate 

7 

33 

67 

7.3 

Anterior ectoderm 

7 

31 

69 

6.5 

Posterior ectoderm 

7 

43 

57 

5.2 

Yolk endoderm 

8 

66 

3t 

3.8 

Right lateral ectoderm 

2 

34 

66 

4.7 

Left lateral ectoderm 

2 

34 

66 

5.1 

Chorda 

2 

63 

37 

3.3 


bolically active fraction of a piece of tissue emphasizes again the in¬ 
adequacy of the usual units such as dry weight, total nitrogen, tissue 
volume, etc., as quantitative indices of the amount of embryonic ma¬ 
terial used in comparative tests of thi§ kind. 
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PERCENTAGE YOLK 



Figueb 4. Graph showing a plot of the respiratory rate (m/il. Os/mS* N/hour) of explants 
of various regiops of the gastrula against the percentage yolk content of the regions. 


The data summarized in tables % and 4 are of particular interest when 
considered in relation to Child'’s theory of axial gradients as it applies to 
organizer action. From the results of various non-quantitative tests 
(such as differential susceptibility to toxic substances, differential stain¬ 
ing, etc.) which have been applied to the amphibian gastrula or to other 
developing or regenerating animals, Cliild (1929, pp. 50-51) has con¬ 
cluded that . . at the time of gastrulation the region about the dorsal 
lip is the region of most intense metabolic activity in the embryo and 
that its dominance as an organizer results from this condition.” In addi¬ 
tion, he has stated . . that various facts indicate a very great increase 
in metabolism during early stages of amphibian development up to the 
gastrula and that the dorsal lip region at the time of gastrulation is prob¬ 
ably not only the region of most intense metabolism in the embryo at 
that stage, but also of most intense metabolism in embiyonic develop¬ 
ment, because it is physiologically youngest at that stage.” In other 
words, if these statements are interpreted correctly, Child contends that 
the organizer is an organizer ^^primarily because of its quantitatively 
greater actirity” as compared with other parts of the embryo. More 
recently, the same author (1941) has again expressed this view in con¬ 
cluding that ‘■‘■in general, the natural inductors are, or at certain de¬ 
velopmental stages, become, high gradient levels, and their inducing ac- 
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tion apparently consists in alteration of conditions in regions represent¬ 
ing lower levels. The inductor apparently represents a higher range of 
gradient levels and by raising the level of presumptive neui'al plate, 
makes possible further development.” Barth (1942) has shared the opin¬ 
ion that ^Hhe stimulus for organization proceeds from tissues exhibiting 
a liigh rate of oxygen consumption.'*’ 

Needham (1942), on the other hand, has expressed the opinion tliat 
"‘although gradients of susceptibility to lethal agents, intensity of \ital 
staining, etc., had been clearly demonbtrated in a large number of adult 
invertebrates and many embryos, no evidence wliatever has been brought 
forward to justify a belief in the existence of "respiratory* or "metabolic* 
gradients in embryos, and very little satisfactory evidence for this in the 
case of adult organisms.** Furthermore, after reviewing the available 
data on the subject, Needham concludes that there is little basis for 
consideilng that respiratory gradients are in any way connected with 
the phenomenon of induction in the amphibian gastrula. Child (1946), 
in a fui*ther attempt to support his view, has stated, however, that the 
data on respiratory determinations of various gasirular regions ""are, at 
present, far from agreement with Needham,** and he rejects the deter¬ 
minations of Boell and Needham (1939), and presumably all others 
which fail to show a difference in the respiratoiy rates of dorsal lip tissue 
and ventral ectoderm, as being ^nthout definite significance since no 
account was taken of var}dng amounts of yolk in the ]^iecos used in com¬ 
parative tests. ""The dorsal lip cells,** he VTites, ""contain more yolk 
than those of ventral ectoderm. If ihey respire at the same rate without 
correction for yolk, the metabolizing protoplasm of the dorsal lip must 
actually respire at a considerably higher rate than that of venti’al ecto¬ 
derm.** It is clear, however, from an examination of the data in table 4, 
that even after correction for yolk content, the dorsal lip does not have 
a higher respiration than ventral ectoderm. A more significant compari¬ 
son, from the standpoint of Child’s theory, w'^ould l)e that between dor¬ 
sal lip and presumptive neural plate. However, the data in table 4, as 
well as those of Barth (1942), ])rovide no sup{)ort for the view 1 hat those 
regions of the gastrula represent respectively""liigher** and ""1ow(t** gradi¬ 
ent levels in the developing system. Furthermore, it would s('<'m unlikely 
that a quantitative level of metabolism, or difference of level between 
inducing and induced tissues, is necessary, since it has l)e<'n experimen¬ 
tally demonstrated that induction and neural differentiation can occur 
in the presence of cyanide in a concentration sufficient to inliibit respira¬ 
tion by 80 to 90 per cent (Brachet, 1989; Barnes, 1944; Boell, unpublished 
experiments) and under anaerobiosis (Brachet, 1939). It is of fuither inter¬ 
est to note that Philips (1942) found no difference of significance in the 
respiratory rates of various presumptive regions of the early chick blas¬ 
toderm. Moreover, Lindahl and Holter (1940) reported that the respir¬ 
atory rates of animal and vegetal halves of sea urcliin embryos {Para- 
centrotus Ivoidus) were the same in spite of their different developmental 
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potentialities. Thus, there can be little doubt that inductive action is 
not associated with quantitatively higher respiratory metabolism in the 
dorsal lip than in the presumptive neural plate or in other parts of the 
gastrula. 

Respiratory Quotients and Glycolysis, Studies by different workers on 
the respiratory quotients of various gastrula regions are in complete 
agreement in showing a value of approximately unity for the dorsal lip 
tissue and considerably lower values for ventral ectoderm. It has al¬ 
ready been noted that Brachet obsen^ed, in comparative tests on dorsal 
lip material and ventral ectoderm, a greater difference in favor of the 
dorsal lip for carbon dioxide output than for oxygen uptake, and this 
was correctly interpreted as indicating a difference in the respiratory 
quotients of the two regions. Subsequent work, summarized in table 6, 
has abundantly confirmed Brachet’s initial observation. 

Tabix 5 

SuaiMAHY OF Respiratory Quotients op Dorsal Lip and 
Ventral EcroDraM prom the ^Vmphibian Gastrula 

Investigator Material R,Q, I>L R,Q, VE 

Brachet Dheoglossus 1.03 0.73 

Brachet R, fusca 0.97 0.80 

Boell, Koch, & Needham A, mexkanwn 0.98 0.87 

Needham, Rogers, & Shen R. temporaria 0.93 0.81 

Brachet (1934) has sho\m that the R.Q. of intact ampliibian eggs aver¬ 
ages approximately 0.66 during clea\age stages but rises abruptly to 
approximately 1.0 during gastrulation, at wliich point it then remains 
during subsequent development, Mendes (1948, in press) has extended 
the study of the respiratory quotient during development of the frog, 
Rampipiens, to include all stages from immediately after fertilization to 
the end of the pre-feeding period. He has found that the R.Q. of newly 
fertilized eggs and of embryos in the early cleavage stages is unity. How¬ 
ever, in the late blastula stage, the R.Q. drops to an average value of 
about 0.7, only to rise again during gastrulation. 

Boell, Needham, and Rogers (1939) liave shown that the rise observed 
by Brachet (1934) and Meridos occurs also in isolated regions of the em¬ 
bryo but values of unity arc readied by the dorsal Up region in advance 
of the ventral ectoderm. In tlic case of the former tissue, the rospii’atory 
quotient becomes unity as soon as gastrulation commences, suggesting 
that the process of invagination is in some way associated with carbo¬ 
hydrate metabolism. Gastxmlation in the ventral tissues, presumably, is 
also concerned with carbohydrate breakdown and an R.Q. of 1.0, but the 
process appears later in development than it does on the dorsal side of 
the embryo and it is probable that the respiratory quotient of ventral 
ectoderm does not reach unity until the tissue becomes underlain by 
mesoderm. 

These respiratory quotients, although admittedly difficult to inter- 
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prct, have generally been regarded as indicating that carbohydrate me¬ 
tabolism predominates in the dorsal lip region and that ventral ecto¬ 
derm shows a mixed metabolism. It should be recognized, however, that 
complete combustion of protein with ammonia as the nitrogenous end 
product will likewise yield a respiratory quotient near unity. However, 
it seems unlikely that this is the case in the dorsal lip region of the gas- 
trula since it has been shown that very little ammonia is produced under 
aerobic circumstances by explants of dorsal lip (Brachet, 1989; Boell, 
Needham, and Rogers, 1939; Needham, Rogers, and Shen, 1939). 

The conclusion which has been derived from the rcspiratoiy quotient 
data reported above, visi., that gastrulation in some way involves carbo¬ 
hydrate breakdown, is made more tenable by direct determination of 
glycogen in various gastrular regions. Woerdemann (1933) first showed, 
by a histochemical method, that glycogen disappears from the dorsal 
lip tissue during invagination. Although the teclmique used in obtain¬ 
ing this result was not above criticism, Woerdemann\s observation was 
confibrmed by Heatley (1936) and Heatley and Lindahl (1937). These 
authors compared the glycogen content of corresponding regions in the 
blastula and gastrula of the axolotl embryo and found a significant de¬ 
crease (31%) in glycogen only in the dorsal lip region (sec table 6). 

Table 6 

Total Glycogen in the Axolotl Embryo 
Figures in mg. % dry weight 
(From Heatley & Lindahl, 1937) 


Region 

Blastula 

Oastrula 

Per cent decrease 

D 1 

17.8 

16.5 

7 

D2 

12.0 

8.3 

31 

D S+Y 3 

4.8 

3.9 

9 

V 1 

16.7 

16.5 

1 

V2 

10.0 

9.3 

7 


Recently, Jaeger (1946) has confirmed this finding in analyses of Jiam 
pipiens embryos (table 7). It is iiitorcsting that Jac^ger ibund a])proxi- 

Tabij 7 

Totvl Glycogln in Eflions or Fiio(i Embrio 
Figures in mg. % dry weight 
(From Jaeger, 19to) 


Region 

Before 

gastrulation 

lifter 

gastrulation 

Per ce^it decrease 

DL in situ 

12.3 

8.2 

33 

VL in situ 

14.0 

10.1 

28 

DL evplant* 

11.2 

11.1 

1 

VL explant 

10.8 

10.3 

4.5 

DL+ECT explant 

12.8 

12.5 

2.5 


mately the same percentage decrease in glycogen (33%) in the dorsal lip 
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region as was observed by Heatley and Lindahl. Unfortunately, her 
analyses did not include a comparison with other parts of the gastrula 
during the same developmental period, but one may conclude, on the 
strength of Heatley and LindahJ‘’s observations, that the decrease in 
other regions is perhaps small. Jaeger went on to show, in confirmation 
of Tanaka'^s (19^) earlier report, that glycogen was likewise lost from 
the ventral lip when it underwent invagination. Apparently, glycogen 
loss fi’om these regions was not an ^‘‘autonomous'” process, for explants of 
dorsal and ventral lip in saline solutions showed no appreciable decrease 
in glycogen. Furthermore, glycogen was not lost from presumptive dorsal 
or ventral lip material in hybrid embryos in which developmental arrest 
occurred at the gastrula stage. Nor was glycogen loss associated with 
the induction of neural tissue, since no decrease of glycogen was ob¬ 
served in explants of dorsal lip and competent ectoderm in which neural 
differentiation had occurred (as indicated by histological appearance of 
the tissues). Glycogen loss seems not to be associated simply with the 
assumption of an ^‘’internal position’'* of the tissue after gastrulation, 
for Raven (1935 a and b) demonstrated that pieces of ectoderm im¬ 
planted into the blastocoel of the amphibian embryo showed no decrease 
in their glycogen content. However, a piece of doi*sal lip material im¬ 
planted so as to go through its normal invaginative movements did lose 
glycogen. Furthermore, a piece of ectoderm implanted in the dorsal lip 
region and carried into the interior of the embryo by the invagination of 
the dorsal lip lost glycogen in the same way as did the dorsal lip. From 
these observations, as well as from those of Jaeger, it appears highly 
probable that glycogen disappearance is in some way connected with the 
changes in cell shape and with cell movements during gastrulation. It 
may be as Needham (1942, p. 191) has suggested, that more than coinci¬ 
dence is involved between the contractile appearance of the blastoporal 
cells and their utilization of glycogen. 

It is noteworthy that Jaeger‘*s figures for dorsal lip tissue were ob¬ 
tained by comparing corresponding regions in embr}’'os at stages 10 and 
12, and that those for ventral lip were obtained on stages 11 and 14. 
Jaeger gave no indication of the time required for development between 
these stages, but reference to Shumway‘*s (1940) time table for normal 
development in Rana pipiois indicates that the time interval between 
stages 10 and 12 is 16 hours, whereas 28 hours are required for the em¬ 
bryo to advance from stage 11 to stage 14. Since during these times the 
quantitative decrease in glycogen was about the same in both regions, 
the rate of glycogen loss per unit of time is correspondingly greater, in¬ 
deed almost twice as great, in the dorsal lip than in the ventral lip tissue. 
This result is interesting in comparison with the data of Boell, Needham, 
and Rogers (1939) showing that anaerobic glycolysis occurred both in 
dorsal lip and in ventral tissues of the embryo, but that the rate of gly¬ 
colysis was about three times greater in the dorsal lip than in ventral ec¬ 
toderm (table 8). 
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Table 8 

Anaerobic Glycolysis (Q^^) in Dorsal Lip and Ventral Ectodi rm 
OF Tirr Amphibian Gastrula 

DL VE 

Rana Umporarla +0.()3 -1-0.31 

Triton alpeitris -1-0.43 -hO.ti 

The Devehfment of Enzyme Systems in the Embryo 

The organic matter of the amphibian egg may be divided into two 
fractions. One of these is the protoplasmic or metabolically active por¬ 
tion; the other consists of storage material or yolk, and, as was indiedted 
in the foregoing discussion, there is evidence that this fraction is relatively 
inert metabolically and serves mainly as a source of raw material for 
development. It is worthy of note that, during the period of development 
covering the first 600 hours after fertilization, ?.e., during the period of 
egg and larval development included in Harrison’s normal stages, the 
embryo takes in no food. The total organic matter of the egg thus re¬ 
mains essentially constant; actually it decreases slightly as can be seen 
in data for dry weight (Dempster, 1930,1933) or total nitrogen (Wills, 
1936). However, during development, the relative proportion of i)roto- 
plasmic material and yolk is constantly changing as tlie yolk becomes 
gradually transformed into new protoplasm and the products of proto¬ 
plasmic activity. It would seem that the raw materials of the egg repre¬ 
sented in the yolk are present in highly concentrated form and that their 
transformation into protoplasm involves considerable hydration (Cxray, 
1926; Dempster, 1930, 1933; Boell, 1945). Indeed the embryo of Am- 
blystoma punctatum takes in, during its pre-feeding development, ap¬ 
proximately 20 mg. of water, and the dry weight is reduced accordingly 
from 35 per cent at stage 18 to less than 10 per cent at stage 45. 

Respiration of the Developing Amphibian Embryo. Unfortunately, we 
know nothing about the I’ate at which yolk is being transformed into 
protoplasm in the normal development of the amphibian embryo, since 
so far it lias been impossible to determine the (quantities of the two en¬ 
tities separately. However, an indirect indication of the process juay be 
seen in the changing metabolic activity during dovelopnicmt of the em¬ 
bryo as indicated by the respiratory rate(^. Gray, 1927,1929). A graphic 
summary of data relating oxygen consumption of Amhlystomapunctatum 
to the developmental age of the embryos is seen in figurk 5. It is appar¬ 
ent, from the graph, that the amount of oxygen consumed by the embryo 
increases smoothly and steadily throughout development. Abrupt 
changes in the rate of respiration, or cyclic variations such as appear in 
the development of the sea urchin (Lindahl, 1939) or the grasshopper 
(Boell, 1935) are conspicuously absent. There is no indication of increased 
energy expenditure for such morphogenetic processes as gastrulation, 
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FiauRB 6. Graph showing the respiratory rate of intact embryos of Amblvstoma puneiaium dur¬ 
ing development. The arithmetic scale on the left relates to the lower curve; the logarithmic scale 
on the light, to the upper curve. Respiration is expressed as m/ul. O 2 /IOO ng, dry weight/hour. 


the differentiation of the primary germ layers or their further elabora¬ 
tion into the definitive tissues and organs of the embryo. Ob^dously, any 
energy expenditure for these processes—since they themselves occur 
gradually—is merely represented as part of the general rise in oxygen con¬ 
sumption which occurs during development. Similar results have been 
obtained for a number of other amphibian species by Wills (1936), Atlas 
(1938), Fischer and Hartwig (1938), Hopkins and Hanclford (1943), 
Aloog (1944), Barnes (1944), Spiegelman and Steinbach (1945), and 
Barth (1947). It may be concluded, then, that increase in respiration is a 
reflection of the progressiv e growth in the embryo of meta bolically active 
material. 

Growth is an ex[)onential process (cf, Brody, 1945, chajiter 16) and 
obeys the general relation or log A’’==:log a^kt (log e). From 

this, it follows that any data 'which obey the equation sliould fall on a 
straight line when the logarithm of the growing entity is plotted against 
time. If respiratory increase during development is due to-the growth of 
protoplasm, it would be expected that the course of respiration should 
increase exponentially. Curve B of figure 5 indicates that this expecta¬ 
tion is met. It is apparent in the curve that the rate of respiratory in¬ 
crease is not constant during development but occurs in two cycles 
with a ^‘’break” appearing on about the sixth or seventh day of develop- 
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ment, at approximately stage 32 or 34. The values of& for the two 
cycles of growth are, respectively, 0.0098 and 0.0060 fsee table 9). 

Ta«ll 9 

Tabi.b of ConstAN is for tuv Growth or Various Enzymis and lUoriirMic Entities 
IN THE Embryos of Jmhlvstoma Pvyar \Tih\f 


h 

Respiration—iO to 180 hours 0.0098 

Respiration—180 to 560 hours 0.0060 

Cytochrome oxidase*-—60 to 560 hours 0.0075 

Cytochrome oxidaset—115 to 630 hours 0.0075 

Succinic oxidase—115 to 630 hours 0.0061 

Cholinesterase—^200 to 400 hours 0.0196 

Cholinesterase—400 to 600 hours 0.0092 

Volume of central nervous system—200 to 560 hours 0.0006 


* p-Phenylenediaxnine used as substrate. Determinations in Warburg apparatus, 
t Ascorbic acid used as substrate. Determinations in Cartesian diver apparatus. 

Atlas (1938), Moog (1944), Barnes (1944), and Spicgelman and Stein- 
bach (1945) have reported a similar situation in the respiration of Ram 
pipiens and Rana syhatica^ but in these species the break occurs after 
the end of gastrulation, that is, much earlier than in the salamander em¬ 
bryo. A semilogarithmic plot of Barth'^s (1947) data for Ram pipiens 
similarly shows a break at about stage 15 (Shumway'’s table). The older 
data of Bialascewicz and Bledovski (1915, data taken from Needham, 
1931, p. 677) likewise can be expressed by the equation mentioned above. 
In this work, the inflection in rate occurs at about the time when the ex¬ 
ternal giUs make their appearance, i.e., at about 100 hours of develop¬ 
ment. 

A semilogarithmic plot of the data for AmUystoTm tigrinuvi (Hop¬ 
kins and Handford, 1943) and Amblysfoma mecoica^ium (Fischer and 
Hartwig, 1938) shows a break at about the same stage as in Amblystoma 
punctatwrri. Thus, it appears that a difference in the appearance of the 
break is characteristic of Urodeles and Anurans. It would be of interest 
to investigate this point further. It may be mentioned, in pfissing, that 
a similar inflection in the respiratory rate of the cliick embryo can bo 
seen when the data of Mun*ay and Ilassclbalch (Nccdbam, 1931, Figure 
166, p. 717) and Romanoff (1941) ai'e plotted on a semilogarithmic scale. 
In the chick, the change in rate occurs at about the seventh day of iu- 
cubatioii. 

The fundamental cause of the break in the respiratoiy curves for 
these forms remains obscure, although it can hardly be doubted that the 
changing slopes of the curves reflect in some way the rate of transforma¬ 
tion of yolk into active protoplasm. It is of considerable interest that in 
Amblystoma the change in rate of respiratory increase coincides with 
the time when the embryo begins to deviate markedly from the spherical 
form, and occurs only slightly before the initiation of the heartbeat and 
the establishment of circulation. Perhaps the rate of respiratory increase 
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is limited to some extent by the development of respiratory surface ns 
well as by the maturation of the circulatory system as an oxygen earner 
and as a means of transporting raw materials from the yolk muss to the 
rest of the embiyo. 

Cytochrome Ojeidase. It has been shown by a number of investigators 
that the amphibian egg is highly sensitive to cyanide (Brachet, 1934; 
Bames, 1944; Boell, 1945), and it has been generally concluded that 
respiration in the embryos of Amphibia proceeds by way of the cyto- 
chrome-cji:ochrome oxidase system. Measurements of the cytochrome 
oxidase activity oi Amblystoma puiictatum embry^os (Boell, 1946) show 
that there is sufficient activity of this enzyme during all stages of de¬ 
velopment to account for the respiration of the embryos. Figure 6, curve 
illustrates that the increase in cytochrome oxidase activity during 
development follows a course similar to that of respiration, and like res¬ 
piration increases exponentially with time. The similarity in the shapes 
of these curves, as well as the marked sensithity to cyanide, thus sug¬ 
gest strongly that respiration is largely mediated by the cytoclu’oine- 
cytochrome oxidase system during development. However, the concen¬ 
tration of cytochrome oxidase apparently is not tlie factor which limits 
the rate of increase in respiration, since k for grow'th of cji;ochrome 
oxidase is 0.0075 wliile for respiration h is 0.0060. 

Spiegelman and Steinbach (1945) have reached a similar conclusion 
from a study of cytoclirome oxidase in Rana pipiens embryos. These 
authors repoit that, although increase in respiratory rate occurs, cyi:o- 
chrome oxidase activity remains uniformly high throughout develop¬ 
ment and that enzyme synthesis apparently does not take place. This 
result is somewhat surprising, for it suggests that the unfertilized egg 
contains the full complement of cytochrome oxidase necessary for the 
embryo throughout development and that during the process the en¬ 
zyme merely becomes distributed to the various cells and tissues of the 
growing organism. Fuxi:hermore, synthesis of the enzyme has been dem¬ 
onstrated in the embryos of other forms, as, for example, the grass- 
hojxper (Bodine and Boell, 1936; Allen, 1940) and the chick (Albaum 
and Worley, 1942; Albaum, Novikotf, and Ogur, 1946). Moreover, it 
may be mentioned tliat Spiegelman and Steinbach made measurements 
on embi*yos only up to stage 19 of Shumway\s (1940) table which cor- 
resjxonds approximately with IIarrison'*s stage 34 or 35 for Amhlyatoma 
pwicfafum. In Amblystonia^ the major increase in enzyme activity occurs 
after this stage, and unpublished experiments of the author indicate 
that an increase in cytochrome oxidase occurs daring the comparable 
period of development in Rmiapipiens as well. These experiments show, 
in addition, that determinations of cytochrome oxidase in early stages of 
Rana pipiejis are complicated by the fact that reducing substances in 
the egg homogenates apparently interfere with the oxidation of jp-phen- 
ylenediamine (compare Brachet, 1945, p. 350), and the full activity of 
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the enzyme may not be obtained by the usual methods. It is interesting to 
note that Bra chef’s (1934) paper shows tbatp-phenylenediainine actually 
decreased slightly the oxygen consumption of homogenates oiRana tern- 
poraria eggs. 



Figure 6 . Semilogarlthmic plot of enzyme activity against ago of embryos of Amllydoma 
punctaium. The right-hand ordinate relates to cholinesterase activity, the curve for which 
has been shifted vertically to avoid superposition of curves. Enzyme activity is expressed as 
m/4. gas produced or consumed in the Cartesian diver apparatus/100 ng. dry weight/hour. 

Succhlic Ojcidase, Figcrr 6, curve /i, likewise shows tlmt synthesis of 
succinic oxidase, as measured by the method of Schneider and Potter 
(1943), occurs throughout development (Boell, 1946a). Between 100 
hours after fertilization and the end of the pre-feeding period (stage 46), 
succinic oxidase acthity increases exponentially witli time, the growth 
constant, Jc, being 0.0061. This is significantly less than the constant 
for cytochrome oxidase, but practically identical with that of the res¬ 
piration of intact embryos during the same period of development. It is 
of interest that a break, comparable to that for respiration, is not ap¬ 
parent in the gl*o^vth curves for either of those enzymes. 
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vSchneider and Potter (1943) assume that measurement of the succinic 
oxidase system by their method actually determines the acti\ity of 
succinic dehydrogenase. It is fairly certain that the limiting factor in the 
overall rate of oxygen uptake is neither c 3 rtochrome oxidase nor cyto¬ 
chrome, since the former is usually present in excess in the embryo ho¬ 
mogenates and the latter can be supplied in excess by the addition of 
cji:ochrome c, but the method is incapable of distinguishing whether 
succinic dehydrogenase or some intermediary between succinic dehydro¬ 
genase and c 3 rtochrome c is the limiting factor in the reaction. It will be 
interesting to have data on succinic dehydrogenase activity alone by the 
ferricyanide method of Quastel and Wheatley (1938), in order to gain 
information on this point. WTien such data are at hand, it may be pos¬ 
sible to assess the significance of the identity in gi-owth rates of respira¬ 
tory and succinic oxidase activities. 

Cholinesterase. So far, in this discussion, evidence has been presented 
in support of the \dew that increase in respiratory and enzyme activity 
during development is a refiection, and to some extent a measure, of 
the production of metabolically active protein from the storage proteins 
and other materials in yolk. The question naturally arises as to whether 
the growth of all enzymes may be expected to follow a similar course or 
whether there is endence of specialization and individuality in these 
processes of biochfemical differentiation. The results of a study of the 
development of cholinesterase activity in the embryo of Awhlystoma 
punctatum provides interesting information along this line. Figure 7, 
taken from Sawyers’s (1943) paper, shows that cholinesterase activity in¬ 
creases progressively throughout the major part of the developmental 
process. In premotile stages, the increase in cholinesterase activity is 
slight, but at the time of beginning motility in the embryos it increases 
abruptly. From a correlation of the development of behavior according 
to. the pattern described by Coghill (19^) and the development of 
cholinesterase activity. Sawyer was led to conclude that functional mat¬ 
uration of the neuromuscular apparatus of Amblystoma coincides Avith 
the development of cholinesterase to a quantitatively high level. 

l^he shape of the curve in figure 7 is similar, in some respects, to the 
curv'os relating respiration, cytochrome oxidase, and succinic oxidase 
to time of development. However, closer examination of these curves 
reveals that they arc only superficially similar. We have repeated Saw- 
yer\s work in assaying the cholinesterase activity of embryos during 
development and have fully confirmed liis observations. As curve C of 
FIGURE 6 shows, there is essentially no increase in cholinesterase activity 
during the period of premotile development between 130 and 200 hours 
(from stage 25 to stage 34). However, at the time when the embryo is 
first capable of making rapid, repetitive movements, cholinesterase ac¬ 
tivity is considerable and the enzyme increases in activity throughout 
the remainder of the })criod of development studied. The rate of cho- 
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Figure 7. Summary of Sawyer’s (1943) study of the relationship between 
the development of behavior and cholinesterase m Amhlystoma puncUiiiini. 
The numbers opposite the experimental points denote Harnson’s stages. 


lincstenise syiitlicsis is not constant, however, throughout the entire 
period. A break in the growth curve occurs after 400 hours or at ap- 
proxunatf'ly stage 41-42. Before the inflection, Zr is 0.0196, afterwards it 
is 0.0092. It is of considerable interest to note that the time at which 
the break occairs is correlated with decreased responsiveness of tlie (‘in- 
bryo to mechanical stinuilation, as shown in Detwilor’s (1946 a and b) 
studies. 

It would appear, from the differences in their gro\\i;h rat(‘s, that the 
various processes of biochemical differentiation described in the fore¬ 
going discussion liave certain specific and individual cliaracteristics. If it 
be true that the increase in activity of respiration and respiratory en¬ 
zymes reflects an increase in metabolically active material, it seems 
equally true that the changes in cholinesterase activity do not. The 
measurements of cholinesterase activity mentioned above were made on 
homogenates of whole embryos, but there is evidence that the enzyme 
is associated, at least in early stages, with the development of the nerv¬ 
ous system. Sawyer (1943) and Boell and Shen (1944), in comparative 
studies of the enzyme activity of neural and non-neural tissues, w'ere 
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able to demonstrate a marked localization of the enz)mie in the nervous 
system as early as stage 19 (closing neural folds), and that the difference 
between neural and non-neural tissues became progressive!)- greater 
during subsequent development. Furthermore, assays of cholinesterase 
activity in secondary nervous systems, produced experimentally by the 
inductive action of dorsal lip tissue (chorda mesoderm) which was im¬ 
planted into the blastocoele of host embryos, gave unmistakable evidence 
of an increased concentration of cholinesterase in the differentiating 
nerv-ous system (table 10; Boell and Shen, 1944). In this study, the re- 

T 4.BLE 10 

Cholixester vsE ix Exthvcts of Primvry and Second\ry Neural Tissues 
(From Boell & Shen, 1944) 


Stags 

Primary 

Q' lan 

Sreondary 

no,st 


nerromt system 

nrrvmtit .systfrn 

ectodfrm 

Q6 

+3^2 

+38 

f23 

34 

-f4o 

+ 17 

+ « 

34 

+66 

+58 

+ 14 


Q'ACH=mMl* CO 2 produced in hydrolytis of acetylcholine by extract containing 1 ng. N per hour. 

suits indicated that the cholinesterase values for the secondarily in¬ 
duced nervous system were quantitatively of the same order as those of 
the primary nervous system of the embryo and considerably higher than 
those of ectoderm or skin. Thus, these experiments indicate that the 
phenomenon of induction alters the biochemical as well us the morpho¬ 
logical fate of the induced tissue. 

During development, the nerv-ous system increases in size, and one is 
therefore led to inquire whether the increase in cholinesterase activity 
in the embryo may be simply due to the growth of the nervous system 
in volume. It is ob\tously impossible to obtain a measure of all the 
neural tissues in the embryo, because of the development of nerves and 
other peripheral elements, but it was thought that some information on 
this point could be gained by making a study of the growth in volume of 
tlie central nervous system. Tlic data were secured by projecting 10 
serial sections of A7nbhf,sfoma embryos at a magnification of 150 timcKS, 
Tlie outlines of the central nt'rvous system were drawn on f)aper and the 
areas of the tracings determined by means of a ])]animeter. In the head 
and trunk region, each section was drawn and analyzed, but in the tail, 
wdiere the diameter of the spinal cord wixs fairly uniform over relatively 
long distances, only every fourth or eighth section was itieasured. The 
sum of the planimctric readings was then taken as a measure of the 
volume of the central nervous system at each stage. Although the 
shrinking of nervous tissue in fixative may not be uniform at all stages 
of development, it was felt, nevertheless, that this method of determin¬ 
ing the volume of the nervous system in the embryo yields data 'which 
are infinitely more accurate tlian any which could be obtained from dis- 



794j Annals: New York Academy of Sciences 

sectcd and weighed organs. Fiourk 8 indicatos that the growth of the 
nervous system is essentially uniform between stages 34 and 46 and occurs 
at a relatively low rate; indeed, the rate of gro^^th is only oiie-thii*tietli 
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Figure 8 . Curves showing the relative growth rates of cholinesterase activity and the volume of the 
central nervous system in Amhly^toma punctatum. The upper curve is the same as curve C m figure 6. 


that of cholinesterase. In addition, inspection of the curves shows that 
they are qualitatively quite different. It thus appears that the increase in 
the concentration of cholinesterase is not simply a function of the growth 
in volume of the central nerv'ous sy.steni. No doubt, the increase in en¬ 
zyme activity parallels, to some extent, morphological and physiological 
differentiation of the nervous system. However, part of tlic increase of 
enzyme content of the whole embryo is unquestionably duo to the de¬ 
velopment of cholinesterase in non-neural tissues of the embryo, for 
example, in muscle (Sawyer, 1943). 


The Effect of Di-isopropyl Fluoropkosphate. Di-isopropyl fluorophos- 
phate (DFP) is one of a group of alkyl fluorophosphates studied by the 
chemical warfare services of both this country and England during the 
last war. According to Dixon and Needham (1946), DFP was found to 
inhibit cholinesterase and other esterases but had no effect on the activ¬ 
ity of a number of other enzymes. The compound is characterized by its 
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intense anticholinesterasic actidty, a concentration as low as 
producing a definite effect. Dixon and Needham conclude that the com¬ 
pounds to which DFP belongs ‘‘‘‘are the most powerful and specific en¬ 
zyme inliibitors kiioivn.’’ Mazur and Bodansky (1945) reported that the 
inhibition produced by DFP was irreversible as judged by the inability 
of serum esterase to regain its acthdty after prolonged dialysis (however, 
see Bulloch, Grundfest, Nachmansohn, Rothenberg, and Sterling, 1946). 
They also showed that regeneration of cholinesterase activity in the 
nervous systems of experimental animals treated with DFP required an 
extremely long time. In rabbit brain, for example, cholinesterase activ¬ 
ity was only 90 per cent of normal 50 days after treatment. 

In rtew of these properties of the compound, it was felt that treatment 
of Amblystoma embryos with DFP so as to produce what has been aptly 
termed a ‘■^biochemical lesion’^ might yield interesting information on the 
functional importance of cholinesterase (BoeU, 1946b). It may be recalled 
that Sawyer (1943) had shown that the behartor responses of Jmblys- 
toma embryos were depressed in the presence of the reversible inhibitor, 
physostigmine, and that there was a rough correlation between depres¬ 
sion of the enzyme and the loss of normal behavioral ability. 

Embryo’s placed in DFP in premotile stages could apparently be reared 
indefinitely in a concentration of 0.0001 M with no effect on morpho¬ 
genesis other than slight retardation of development. However, stronger 
concentrations were invariably toxic and resulted in the death of the 
embryos in a few minutes to a few* hours. In a few^ embryos in 0.0001 M 
DFP, certain abnormalities of development were noted, but in the 
main the DFP-treated embryos seemed to be completely normal on the 
basis of external appearance. Moreover, the embryos, even when reared 
continuously in DFP solutions for a week or more, manifested the usual 
behavior reactions, and, at the appropriate stages (37-38), responded 
to tactile stimulation with swimming movements. However, the DFP- 
treated embryos, although apparently normal in appearance, fatigued 
more readilv than control animals when stimulated, and wdicn tested bv 
Detwilerts (1946 a and b) method for measuring behavior responses quan¬ 
titatively they gave e\ idence of greatly reduced activity. After such em¬ 
bryos had been subjected to stimulation, they w^ere usually incapable of 
responding again until a rest period of considerable length liad elapsed. 
It is interesting to compare these results with the observations of Model! 
and Krop (1946). These investigators show^ed that cats that had been 
treated with DFP were perfectly normal in appearance and were well 
groomed but on stimulation gave evidence of marked myoneural dis¬ 
function. After a few stops, the animals fell over and could not be made 
to move again even w^hen given a stimulus strong enough to elicit a cry. 

Embryos reared in DFP solutions and capable of responding to stimu¬ 
lation were found to possess cholinesterase,activity of considerable mag¬ 
nitude, although it was much low^er than in control embryos of the same 
dev elopmental stage. It is of some significance to note that the concen- 
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tration of cholinesterase in embryos reared in DFP was never less and 
usually greater than in normal animals at the time when they were first 
oa])ablo of responding to stimulation with rapid, repetitive movements. 
This is shown in tahle 11 and would seem to indicate that a considerable 

Tabi.c 11 

CH()Ti\rsii H \si VcTiviTV oi’ wf)lj/sfoma Kmbhyos 
Ur.vRri) IV 0.0001 M Dl'P 


Days in 8fa(/e of embryo Cholinesteimp Response 

‘ ‘ a - - aefiritu to 


1 

When DFP 
was added 

When 

tested 

96‘ 

i -^ 

Control 

IS 

Treated 

0 

stimulation 

No motility 

2 

25 

26 + 

13 

0 

No motility 

— 

— 

37 

32 

— 

Rapid flutter 

— 

— 

38 

6‘3 

— 

wSwimniinp: response 

10 

22 

40 

436 

65 

Embryo s>\ ims; tires 

7 

97 

40 

436 

87 

Embryo swims; tires 

13 

20 

41 

073 

31 

Rapid flutter 

U 

20 

42 

1100 

18 

Behavior not noted 

n 

97 

ii+ 

1540 

163 

Embryo swims; tires 

17 

99 

45- 

2880 

855 

Embryo swims; tires 


excess of cholinesterase over that needed for minimal activity is present 
in the embryos at most stages (cf. Bulloch et aL^ 1946). Under conditions 
of stress, the reduced cholinesterase activity may, however, lead to func¬ 
tional abnorinalitv. This is clearly shown in a study of the effects of 
stimulation on the heart rate of the embryos. When normal embryos are 
stimulated until they are incapable of responding, the rate of heartbeat 
usually increases, but continued stimulation of DFP-treated embryos 
leads to a marked reduction in the rate of heartbeat. However, the beat 
is again normal after several minutes. Perhaps the residual cholines¬ 
terase in the tissues of the treated embryos is insufficient to remove the 
acetylcholine produced under such conditions of extreme activity. aVs a 
consequence, it may diffuse into the blood stream and be carric'd to the 
heart where it produces its characteristic depressing effect.' 

Apparently, sjmthesis of cholinesterase can take place in tfie embryo 
in tlie presence of DFP. Table 11 shows that the cholinesterase^ activity 
of embryos treated with DFP during premotile stages and reared con¬ 
tinuously in DFP solutions increases five-to six-fold during the course of 
a week to ten days. After 17 days in DFP solutions, the cholinesterase 
activity may be as much as 65 times greater than in premotile embryos. 
Although the absolute level of enzyme activity is much lower in treated 
than in untreated animals of the same morphological stage, being on the 
average only 10 per cent of the control values, the rate of increase with 
development is approximately the same in the two groups of embryos. 
Apparently, therefore, development of the enzyme is not interfered 
with by DFP, although the newly synthesized enzyme is inhibited as 
soon as it is formed. The fact that the percentage enzyme activity of the 
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treated animals in relation to the controls is approximately the same at 
all stages of development, suggests that an equilibrium exists betA\ een 
inhibited and uninhibited enzyme. 

Summary 

Tlie foregoing discussion has dealt primarily with the demonstration 
of regional biochemical differences in the amphibian gastrula and \\ith 
the increase in activity of certain enzyme systems throughout embryonic 
life. Processes of the latter tjrpe may be regarded as examples of bio¬ 
chemical differentiation since they represent special aspects of the syn¬ 
thetic or formative actmties of the embryo. The discipline of chemical 
embryology is relatively young, and, although much progress has been 
made in the field in the past two or three decades, our knowledge of 
biochemical aspects of embryonic development is still relatively meager. 
It may be hoped that future work will supply us not only vath more in¬ 
formation on biochemical differences and differentiation in the embryo, 
but, in addition, with increased understanding of the way in which bio¬ 
chemical and morphogenetic processes are integrated in the complex 
series of events which characterize the transformation of the egg into the 
individual. 
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FORM CHANGES DURING PRE-GASTRULAR 
DEVELOPMENT 


By J. S. NICHOL.\S 

Osborn Zooiogtm! Labttratory^ Yalf Umcerslfit^ X&w Hnr&n^ t'onnerth'ut 


T he importance of movements of pre-gastrular materials has long 
been the subject of analysis by embrj^ologists. The earliest obser¬ 
vations on eggs have been tliose of studying cortical movements, move¬ 
ments of the materials wliich evidence themselves upon the surface of 
the egg. These movements and rearrangements are mirrored in the dis¬ 
tribution of potencies and potentialities of the whole system in the later 
embryo. As is well known, Roux's (1885) early studies indicated a con¬ 
cept of fixity within the egg recently employed by Hamburger (1947) in 
an attempt to give a definite description of prelocalizatioii at the time of 
fertilization or very shortly thereafter. It has been known since the time 
of Roux that, in certain forms, fertilization by means of an artificial 
insemination caused the formation of the grey crescent at a point op¬ 
posite the region of sperm entrance; tliat the original cleavage bisects 
the grey crescent and coincides %rtth the longitudinal axis of the em- 
biyo. Tliis fixity has since been challenged and has been found not to 
exist in many of the other forms. It can be said with safety that there is 
no absolute fixed relation between the entrance of the sperm, the first 
cleavage, and the future axis of the embryo. While these coincidences 
may occur occasionally, according to statistical probabilities, they are 
not an interlocking determinant series. 

The cortical movements of the egg have been most recently studied by 
Iloltfreter (1944). He finds that, even in the unfertilized egg, one may 
have many of the cortical movements wliich are so characteristic of the 
fertilized egg. The movements of the pigment, the characteristic strand¬ 
ing of the pigment particles, the dispersion of pigment in certain areas 
—all these are obtained in unfertilized eggs. There may even be an at¬ 
tempt at a pseudo-gastrulation in which the surface parts of the egg, 
without having undergone any dirtsion at all, form lips similar to those 
which are found in gastrulation of a normal, fertilized type. It is true 
that these irill not carry further, and since the material is still in a much 
more homogeneous condition, the materials of development are not spe¬ 
cifically localized for further development of the organism. Holtfreter 
has repeated and amplified the explanations of Rhumbler (1902) in at¬ 
tempting to correlate the early rearrangements with the later surface 
movements which are so important in the allocation of materials. 

Recently, there has been a renewal of the study in analyzing the move¬ 
ments and positions of parts in the interior of the egg. Daniel and Yar- 
wood (1939) studied the relationship of parts in the various stages of the 

[ 801 ] 



802 Annals: New York Academy of Sciences 

egg beginning with the ovarian egg, then the coelomic egg, the o^iducal 
egg, and finally the zygote. In each of these, there is a definite stratifica¬ 
tion of the yolk. The animal pole contains smaller granules than are 
found in each of the succeeding fifths, until one approaches the vegetal 
pole where there is an increasing aggregation of the smaller particles. 
This is in distinct violation of our generally expressed ideas that the 
vegetal pole of the egg contains all the large yolk-laden elements practi¬ 
cally devoid of pigment, and is fiOlled with yolk platelets from which they 
gain the distensibility of the membrane around the yolk packets. One 
fails to consider that the endodermal cells at the vegetal pole of the egg 
are vitah tangible, and mobile elements in the picture of later develop¬ 
ment. If one surveys the figure which is given by Daniel and Yarwood 
(1939). it is e\ident tlmt the median three-fifths of the egg are the ones 
which contain the heavier amounts of the yolk particles, that the upper 
fifth and the lower fifth, that is, the animal pole and the vegetal pole, 
are much less heavily laden with the yolk material. It is particularly so 
in the zygote stage when fertilization has taken place and the materials 
are beginning to separate in a much more definitive fashion than they 
have in the ovarian, coelomic, or oviducal egg. 

Schechtman (1934,1935,1937), in studying ingression, was the first to 
notice that material could pass from the outside of the egg in the region 
of the vegetal pole toward the inside of the egg and, if stained in the 
uncleaved egg, the stains placed upon the outside to mark the regions 
which ingress appeared in a columnar form extending to the floor of the 
blastocoele. Tins observation is of gi*eat importance, for it shows the 
movement of materials from the outside to the inside of the egg. It also 
shows their definite alignment along a certain, particular portion of the 
egg. It shows, in addition, that the movement is limited to rather early 
stages, since in the early blastula the stain, placed as a spot on the vege¬ 
tal pole of the uncleaved egg, extends from the outside to the floor of the 
blastocoele, but if the stain is similarly placed in the late blastula, it ap¬ 
pears only in the lower third of the blastular floor. This observ^ation of 
Schechtman is so striking that it seemed necessary to repeat the stain¬ 
ing experiments using difierent degrees of stain and following the ma¬ 
terial tlirough to a later stage of development. The phenomena of in¬ 
gression are proved definitely by Schechtman’s work. Its import, how¬ 
ever, was not clearly realized by him, and since the interpretation of the 
significance of the cells found in the ingressed mass must remain for 
future study, it is necessary to repeat and amplify Schechtman’s work 
in order to find out exactly where the cellular elements bearing the stain 
are forming. For this reason, the stains were applied to the outside of 
the egg in a manner similar to Schechtman’s, beginning with the vmfer- 
tilized egg and running a series similar to his. The results are quite in¬ 
teresting in that they show that, if an intense stain is placed upon the 
uncleaved egg, one can perceive as development continues that there are 
two lines by which the stain is sent to the inside of the embryo. The first 
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is the one \\hich Schechtimn found and which characteristically oc¬ 
cupies the central plane of the egg. It is as though one had a central 
axis of polarity in the aniphibitin egg due to the ingression of materials 
which were originally on the outside. It forms a distinct entity extending 
upward toward the blastocoele as a definite cone of stained material. 

At the time of the late blastula, there are certain characteristic 
changes in organization of the interior which bring about a change in 
the axes of the embryo. At tliis time, one finds that the secondary part 
of the stain W’hich had remained on the outside of the egg is earned 
around to the \ entral lip of the blastopore, and then progresses with the 
ventral lip of the blastopore across the floor of the gastrocoele. The 
primary ingression cone has left its imprint on the center of the floor 
of the blastocoele and, as the gastrocoele encroaches upon the blasto¬ 
coele, we find that the two colored areas approach each other as the 
blastocoele begins to lose its form and undergoes definitive progression 
toward amalgamation with the gastrocoele. In Ambiffstoma punctatumy 
the blastocoele remains and does not become continuous with the gas¬ 
trocoele, but the stain which has come into the embryo from the ventral 
lip of the blastopore progres>es for\\ard in the floor of the gastrocoele 
until it unites with the stain which has come in through the primary in- 
gressive mechanism. 

If one applies stain to the embryo during the late blastula stage, the 
effect of the primary ingression with the cone of material extending in¬ 
ward toward the blastocoele floor is completely lost and one secures only 
the secondary migration of materi.al wdiich comes in tlirough the ventral 
lip of the blastopore to the gastrocoele floor. It has been found (Nicholas, 
1945) that the material winch comes in through the primary ingression 
lies in the anterior region just under the floor of the foregut marking the 
region between the heart and the liver in the early stages. This is an im¬ 
portant location and probably marks an area in which induction effects 
are taking place. In recapitulation, then, the staining experiments 
show^ definitely that Schechtman’s primary ingression is a definite entity 
to which can be added, with an intensification of the stain, a secondary 
situation by which the stain will progress through the ventral lip of the 
blastopore and later join with those fragments of stain wliich are left 
from the primary ingression. Recently, Nieuw’koop (1946) has repeated 
Schechtman''s experiments and shown the secondary relationship in an 
exceedingly clear way. Nieuwkoop interprets the secondary portion of 
the ingression which comes in through tlxe ventral lip of the blastojpre 
as lying in the surface of the midgut. The primary ingression coincides 
with the material which Schechtman found in Triturus and Nicholas in 
Amblpstoma, 

It is clear that polar orientation is influenced by the early cortical 
movements which, in themselves, are a reflection of the reorientation 
of the materials within the egg. Polar orientation has been said to occur 
in the ovary (Child, 1941), and undoubtedly in the amphibian egg this 
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is partially correct. There is, however, a marked deviation in the animal- 
vegetal axis shortly before fertilization and continuing afterwards. Tliis 
may result in the marking of the axis 30 degrees from the original line at 
the time that the egg was laid. This reaction has been neglected to a large 
extent because we have not observ’ed the difference in the polarity of the 
egg before fertilization and aftenvards, but if one watches the egg one 
can see the change in the polarity of the animal-vegetal axis shortly after 
fertilization and to some extent before then. 

The ingressive phenomena are essentially those which lead to the 
orientation of the mass within the egg after the early fertilization change 
in the polar axis. The inertness of the egg material which had formerly 
been thought to be burdened down by yolk has been found to be a fal¬ 
lacy in that an active movement of particles and materials does occur 
throughout the early stages before segmentation and apparently deter¬ 
mines, to some extent at least, the relationsliip of the cortico-vegetal 
orientation. 

The converse of this type of reaction is seen in the capacity of the em¬ 
bryo to undergo a tremendous amount of development without any of its 
yolk taking part in the reaction. This is true if one takes into account 
the fact that the yolk is undergoing a development of its o\vn and has 
been in contact with the ectodermal and mesodermal portions of the 
system during their development. Nieuwkoop (1946) removed all of 
the yolk in the early neurula stage of amphibian embryos. When all of 
the yolk mass is removed from the neurula, it leaves the mesoderm which 
has moved inside through the blastopore, the entire chorda mesoderm 
which has underlain the nervous system, and the lateral mesoderm in 
its normal position. All of these migrations have been completed before 
the stage of the neurula. WTien the yolk is removed in this way, an em¬ 
bryo develops which is deficient in the head region, lacks gills, stomo- 
daeum, all of the intestinal tract and its derivatives, and also the heart. 
Most of the nerv^ous system, the lateral body w’^all and musculature are 
intact, but there is no splanclmopleure w'hatsoever. That is, the mate¬ 
rial wliich was destined to form smooth musculature of the gut is not 
formed. This speaks for a strong dependence of smooth musculature for¬ 
mation upon the gut structures wdiich it normally surrounds. Another in¬ 
teresting phenomenon occurring after this operation is that two full sets 


Figure 1. A (stage 5). The stain placed upon the vegetal region of the uncleaved egg extends upward 
in a cone, which in section appears as a wedge, with its apex projecting into the upper half of the 
blastula. In B (stage 7), the stain has reached the door of the blastocoele, and in 0 is beginning to 
spread over the door surface, first as a small circle of stained material, later, stage 3, in a radiating 
fashion or in a complete coverage of the floor, depending upon the intensity of original staining. Dur¬ 
ing the latter part of stage 8 (D), there is a tendency to have a separation of the stain into a primary 
segment which passes toward the blastocoele cavity and a secondary aggregation which is drawn to¬ 
ward the presumptive yolk plug. This reaction is more marked in B (stage 9) and F (stage 10) when 
the folding over of the blastocoele floor and the formation of the underside ofjthe gastrocoele floor 
begin to have a common cell boundary. The two movements, the primary and secondary, are still 
separate in stage 11, the stain of the primary being'concentrated in the walls of the blastocoele and 
extending through the cellular boundary into the floor of the gastrocoele (G). In H (stage 12), the 
two areas of stain become confluent and remain so in later stages. 
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or pair*^ of forelinibh are developed. One develops from the normal soma- 
topleuric mesoderm and the other from what would have gone into the 
formation of the splanchnopleure. These two sets of limbs, two rights 
and two lefts, are fully formed from each of the layers, but the splanch- 
nopleure lias not formed any of the smooth muscle which ordinarily 
would be present. There are visible, then, two definite defects asso¬ 
ciated w’ith muscle formation, one in the region of the heart and one in 
the musculature of the gut. The stomodaeum is absent, as one would 
expect, and aho the gills. The rest of the organism, however, is re¬ 
markably regular. These results change considerably our concept of how 
the muscle develops if we think conventionally of smooth musculature 
as being primitive, the cardiac as less primitive, and the somatic striate 
musculature as the most advanced. The facts seem to indicate a reverse 
of tliis sequence. The striate musculature is formed from the lateral 
mesoderm of the marginal zone. According to the findings of Vogt (1925, 
1929), the areas of somite potency are well localized at the time when 
the marginal zone enters tlirough the blastopore. It is at this time that 
it has its later cliaracteristics impressed upon it. 

The fact that tlie limb could be formed from splanchnopleure was al¬ 
ready obvious if one considers the experiments of Harrison (1925) on the 
revei'halof the niediolateral axis of the limb. Here, the limb was turned 
inside out, i.t’., the somatopleure and splanchnopleure were reversed 
u ith reference to the yolk. The splanchnopleure gave rise to perfectly 
aood limbs and the somatopleure undoubtedly to good smooth muscu¬ 
lature. 

Xieuwkoop (/.c.), when he compressed the tw^o sides of the material 
from w’hich the yolk endoderm had been removed, showed cases in 
wliich he could distinguish the formation of a coelomic cavity which, 
liowever, bid no splanchnopleure in association with it. It was entirely 
a somatopleuric cavity. He w ent also one step further and stretched the 
embrj-o after deprhing it of its yolk upon a collodion membrane. In this 
ease, de^ elopment occurs in a manner strikingly reminiscent of a chick 
bla'=itoderm, and again show’s complete deficiency of all of the splanch- 
iiopleuric parts. No heart is formed except in those embryos in which the 
anterior parts had secondarily come together and even here the heart 
is markedly deficient. 

The con^ erse of these results is shown in Bacon's (1945) experiments. 
Bacon remo\ ed presumptive mesoderm from the outside of the embryo 
before the marginal zone had passed to the interior. When this marginal 
zone material was placed in contact with endoderm, it formed a heart 
rudiment. The^e heart rudiments, in some cases, w’ere remarkably regu¬ 
lar and were formed only after contact with the endoderm. There w'as 
no attempt to have the endoderm stay in relationship with the presump¬ 
tive mesoderm, but they were dissociated after a period of contact, and 
yet remarkably normal hearts w’ere secured, these hearts being kept en¬ 
tirely in isolation conditions. The fact that the tissue which ordinarily 
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would have developed into normal striate muscle forms a heart after 
ha\iiig been placed in contact with endoderm show's definite inductive 
action of the endoderm upon the marginal zone material to form heart. 
Since the endoderm itself w'as taken from the general mass of material 
and was not localized, it seems as though there is a generalized influence 
extending tlirough the endoderm w'hich acts upon presumptive mc'so- 
derm for heart formation. It W'ould be interesting to check this thesis in 
connection with certain definite spatially specific parts of the endoderm. 
This, so far, has not been done. It w'ould also be interesting to try vari¬ 
ous sections of the marginal zone to see whether they would respond in 
exactly the same w'ay to the various parts of the endoderm. An interest¬ 
ing series of experiments could be evolved in which these two structures 
w'ere tried each against the other in order to test out the inductive 
effects. This induction can occur at a stage earlier than nervous system 
induction, thus placing the Spemann organizer in an entirely secondary 
role ^vith regard to the formation of the embryo as compared to endoder- 
mal inductions. 

Holtfreter (1944) has been studying the actions and reactions of vari¬ 
ous parts of the yolk endoderm. In many cases, he has restricted his 
observations to the cells w'hich are coming in through the ventral lip of 
the blastopore. He finds that these cells, which form distinctive elements, 
are polarized and that when they are isolated in salt solution one can get 
at certain stages a centrifugal spreading of the non-polarized cells, and 
a definite polarization with an amoeboid process in the polarized cells. 
They have a proximo-distal axis w'hich seems, to some extent, to be con¬ 
trolled in normal development by the action of associated cells upon the 
endodermal mass. The amoeboid process is generally extending away 
from the central mass of cells and Holtfreter has been able to show' that, 
if four or five cells are placed together, they tend to have their proximo- 
distal axes aiTanged away from the center of the mass, the proximal por¬ 
tion being a rounded stub, w'hile the distal part tends to be of the amoe¬ 
boid type. Holtfreter likew'ise, in the same study, postulates that there 
is an independent movement in the cells of the endoderm, that this in¬ 
dependent movement is responsible for a pulling of the structures so 
that they intrinsically occupy a definite mass and spread in a definite 
W'ay. This, it seems, is endo^ving the endodermal cells with something a 
little more ^ ital than one would expect, and probably more vital than 
the observational material w'ould warrant. Whether the cells are pull¬ 
ing, or whether they have been displaced by the action of adjacent cells 
when acting in the normal organization of the embryo, is a question 
which still has to be decided. Holtfreter, however, has drawn our atten¬ 
tion to an exceedingly important point in showdng that, under condi¬ 
tions of isolation, the cells do certain definite things which seem to de¬ 
pend on mass aggregates and individual activity in response to that 
mass aggregate. No matter where the future of the endodermal situation 
will lead, these results will have a definite bearing upon our interpreta- 
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tion of how the floor of the gastrocoele is formed and what the etfecthe 
forces are forming it. Certainly, the ventral lip of the blastopore has a 
much greater import in the organization of the entire venter of the em¬ 
bryo than we have liitherto supposed. 

Kemp (1946) has changed various parts of the endoderm in relation 
to various other parts of the endoderm. He has removed sectors of the 
floor of the gastrocoele in the gastrular stage and has interchanged these 
either by cutting off one part of the embryo and then joining to it an¬ 
other embryo yith a definite deficiency, or else by reversing, in some 
cases, tlie endodermal sectors in the lower portion of the neurula. These 



Figuee 2. These three figures are redrawn from Ebmp, 1946. The left figure shows the regions re¬ 
moved, comprising three series: Li, the anterior fourth of the mesenteron; Lim, the anterior third; 
and Int, middle third. The majority of the Li had functional tracts; Lim, non functional guts, ail 
shortened, esophagus reduced or absent, liver and pancreas reduced, many heart defects; Int, i reg¬ 
ulated completely, 92 per cent had functional tracts. 

Middle figure—alteration of yolk endoderm arrangement by transection and reuniting of different 
levels resulting in duplication of parts of the mesenteron; MO, duplication of antenor third of mes¬ 
enteron; MO', anterior half; MO', anterior two-thirds; MI, post segment. MO —80 per cent functional, 
48 per cent completely regulated, enlarged or double pancreas, duplicate gall bladders. (Table 2— 
Kemp.) 

Right figure—shows the regions rotated to reverse A-P axis of the segment. The effects in this 
senes are most marked after the reversal of the Liv segment as indicated by the percentage of abnor¬ 
mality produced. His conclusion is that each endodermal anlage is histologically determined but is 
equipotential within itself. 
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have given rise to a set of nitlier interesting results, for in the course of 
this interchange he has been able to produce defects of the liver and of 
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the heart. His results are interesting in showing that a certain regula¬ 
tion can take place at this htage in spite of the ^vay in %vhich tlie endo- 
dennal material has been combined. 

As mentioned above, Holtfreter considers that the endoderinal cells 
are polarized at the time they puss through the blastoporal lip and that 
from then on the endoderinal cells in the floor of the archenteron are 
effective in stretching and accommodating themselves to the region of 
the floor, passing out and forward as well as laterally, and pulling ma¬ 
terial from the posterior region into position. They are non-polarized 
before they enter the blastoporal lip. Their behavior with other cells 
when isolated shows this polarization complex even though the other 
cells around them are not reacting, i.f.. the cells wdiich normally would 
encompass the entire mass and make up the dorsal lip and its lateral 
projections, the marginal zone •with its involution; all these can be sep¬ 
arated from the action of the endoderinal cells in the floor of the archen¬ 
teron. Holtfreter goes one step further in saying that the surface coat 
material w’hich is pulled in with the ventral lip as w'ell as with the dorsal 
lip acts in forming the linings of the ca\ities of the body as they are later 
found. This would seem to place a little too much emphasis upon the 
surface coat, w’hicli, although it comes in •with the material, is strikinglv 
reduced in the low^er layer as compared with its amount on the outside 
of the egg itself. 

Holtfreter (1933) gave one of the best examples of w'hat can happen 
in his exo-gas-trulation studies. In tliis case, after having treated the em 
bryos ^rith hypertonic solutions, he secured complete exo-gastrulation 
with the mesoderm forming its parts lying on top of the endoderm and 
forming gill arches and body form without the action of the ectoderm. 
This is an interesting check on the results w^hich Xieuwkoop obtained, 
for here we have the situation exactly in reverse. The Spemann organ¬ 
izer has not acted in forming the nervous system. Instead., how'ever, dur¬ 
ing exo-gastrulation, the mesodermal parts have been acted upon, 
forming a perfectly good head region without, of course, the nervous 
system, forming gill arches, and forming the body w^hich has the general 
conformation of w'^hat it w ould ha\ e had at the same stage if the embryo 
had developed with the ectodermal covering around it. The ectoderm, 
potentially capable of making nervous system as 'well as body covering, 
has formed only a bladder of material in w^hich there is no differentia¬ 
tion except that of a common epidermis. 

In liis 1938 and 1939 studies, Holtfreter has performed other experi¬ 
ments showing still another part of the reaction of the endoderm. IMien 
ectoderm and mesoderm are united, a vesicle is formed containing con¬ 
nective tissue, but little else. When the endoderm is added to the isolated 
bladder of material, there is definite structural conformation and ar¬ 
rangement of the mesoderm, the formation of certain muscular parts in 
connection with the endoderm, the w'hole being surrounded by ectoderm. 
The ectoderm in this situation does not influence the mesoderm nearly 
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so much as does the endoderm, for in the endodermal parts e find a 
definite uniting of structure, with the mesoderm contributing a muscle 
layer and the outside sheet of the gut which is differentiating from the 
endoderm. Here, the potentiality of the gut region is clearly marked; 
it has a much greater definitive potency for calling forth from mesoderm 
a differentiation unlike the connective tissue which would de\elop 
mthin the ectodermal bladder by itself. This is another demonstration 
of the effective facility with which the endoderm acts upon associated 
structures. 

The experiments of Nieuwkoop and Holtfreter strikingly demonstrate 
that, in the gut endoderm, we have certain capacities for organization 
which have been neglected in looking upon the embryo as a whole. Its 
capacity to organize by induction, the facts that the heart is missing 
mthout the influence of the yolk endoderm and that the gills are com¬ 
pletely missing, had been noted in Stohr^’s (1931) experiments. He suh- 
pected that the endoderm exerted some influence upon the reacting 
structures in causing the formation of heart. He did not, however, sup¬ 
pose that the endoderm was directly responsible for smooth musculature 
of the gut and that the somatopleure and splanchnopleure together 
could form interchangeable structures. 

It is interesting, therefore, to review the morphogenesis of the muscu¬ 
lar system, for the splanclinic mesoderm, if not in contact with endo¬ 
derm, Avill form striate muscle under the influence of the somatopleure. 
Any part of the marginal zone which is potent to form muscle striate 
in character can be induced, according to Bacon’s results, to form heart 
in the presence of endoderm. The reversal of the limb bud (placing the 
splanchnopleure on the outside, the somatopleure on the inside) gives 
rise to a perfect limb. AU these things tend to show that there is a 
dominant action exerted by the endoderm which has a part in the in¬ 
duction of muscular structure. It also shows that the final determination 
of such structure lies not only in its general position, but also in its defin¬ 
itive relationship to other tissue influences. 

In the light of Holtfreter^s (1939) experiments, it was thought advis¬ 
able to carry the isolation of the yolk back further into the foregrounds 
of embryonic history than he had done. Yolk endoderm of the late blas- 
tiila, vhen grown in cultm-e (Nicholas, 1945), assumes about the same 
form relationship as would be found in the normal animal. When isola¬ 
tion experimeixts were performed upon young blastulae, it was found 
that not enough of the plasmagel of the external coat material was pres¬ 
ent in the endoderm to permit its attainment of form. The experiments 
in which ectoderm is combined with yolk endoderm, as shown in figukes 
3 to 8, are more successful when different proportional amounts of ecto- 
dermal-endodermal material were used. \\Tien yolk endoderm material 
is taken from the early blastula and cultivated without an external 
cover, the results are rather clearly shown (figure 4). The cells aggregate 
and so does the nuclear and pigment material; there is a fine granular 
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Figlre 3. Isolation study of >olk endoderm from eaiiy blastula enclosed in envelope of ectoderm, 
cultured 5 days. A thin coat co\era all of the exposed endodermal matenal. The ratio of endodermal 
material to ectodermal cover is 2 to 3. 

® blastula cultured in the absence of ectoderm in double Holtfreter’s 

solution. Note the cell aggregate and the clumping of pigment and nucleus within the constituent 
e s. Cultured 4 days. There is no ectoderm present and fine granular material was being exuded from 
the loose cells located in upper part of the diagram. 

Figure 5.1 oik ^dode^ isolate, mid-blastula, in combination with a small ectodermal piece, shown 
to the left of tlm figure. The ratio of endoderm to ectoderm is o to 1. After 5 days of culture, disinte¬ 
grative action began, as shown by the loose cells in the upper left of the figure. 

Figure 6. Yolk endoderm isolated in early blastula and combined with ectoderm in 4-to-l ratio. 

ere is here, as in the pre^ous figure, a distinct antero-postenor lengthening of the yolk endoderm. 
There is a rolhng of the cells at the inferior margin of the figure, showing that movement of the endo- 
aermal constituents continued under these conditions. 

I^GTOB 7. A 1-to-l combination of yolk endoderm of an early blastular fragment with ectoderm from 
the blastular cap. After 7 days of culture, there is no axial or other differentiation, probably due to the 
small size of the piece. 

Figtob 8. Isolate consisting of 1 part of yolk endoderm combined with S parts of ectoderm. The 
ectoderm contains a small ball of endodermal material which in 6 days of culture did not differentiate. 
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type of exudate, probably made up of the yolk platelet content, and in 
spite of the fact that the isolates were kept in double Holtfreter solu¬ 
tion, which is osmotically favorable to endoderm preservation, they dis¬ 
integrate usually ^\dthin 24 hours. If, however, ectoderm is combined 
with the yolk endoderm, as sIiot^ti in figuke 3, there is a tendency for the 
endoderm to receive something from the ectoderm which acts as an ex¬ 
ternal cover preventing the disintegration of both the ectoderm and the 
endoderm. 

The same relationsliip is showm in figuees 5 and 6, which are examples 
of about the minimum of ectoderm combination which is necessarj’^ for 
the deN elopment of the yolk endoderm taken from the early blastula 
stages. Figure 5 shows rather interestingly that the external cover o\er 
tlie yolk endoderm is not adequate to prevent sloughage, wliich can be 
seen in the large, loose, white mass of cells to the left of the figure. An 
isolate (figure 6) in which there was about 25 per cent of ectoderm at 
tlie time of its first isolation, has a complete coverage and can be main¬ 
tained for a considerable period of time. The elongation of the yolk en¬ 
doderm under these conditions simulates the normal axial relationship. 
The ectodermal co\ering is found near tlie anterior end of one of these 
masses and near the posterior end of the other, as judged by their gen¬ 
eral morphological appearance. Ectoderm by itself does not seem to 
ha^e a definite effect upon the polarization of the yolk mass. An early 
isolate in about the 128-cell stage is illustrated. Here, an increasing 
amount of ectodermal material is necessary if the isolate is to surw^e in 
double Holtfreter solution. As in pre\ious figures, one sees the relation¬ 
ship of the ectoderm to the yolk endoderm in that there is a consistent 
smooth covering of material on the outside of the endodermal cells 
which they themelves do not produce in amounts adequate to cover their 
surface. In figure 8, also an isolate, in which much more ectoderm was 
taken and where the relative amount of the endoderm was small, the 
ectoderm completely covers the endoderm, the endoderm remaining a 
small, nodular mass inside the ectoderm. While it retains its normal 
components, there is no indication that there is any development of 
polarity of axial determination. 

In tliis series, then, it is sIioto that material from the early blastula 
kicks the capacity for the formation of a superficial plasmagel in suffi¬ 
cient quantity to prevent content losses to the surrounding medium (in 
this case a double Holtfreter solution). 

Wlien varying proportions of ectoderm, taken from any region of the 
blastula, are included with the early blastular endoderm in the isola¬ 
tion, the endoderm can be maintained without disintegration. The self- 
difierentiating powers of the yolk endoderm cannot be demonstrated 
unlet»s it secures additional material from potential ectoderm cells which 
increase its surface membrane and enable the endoderm to undergo its 
own arrangement. 

This is not regarded as a direct morphogenetic effect upon the env 
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doderm by the ectoderm, but as a mechanical factor supplied by this 
material in the form of pkhmagel. Elongation and the expression of axial 
tendencies are obtained only when the yolk endoderm of the early blas- 
tula is prefc»ent in adequate proportions. A four-endoderm-to-one-ecto- 
derm combination, as shoyn in figure 6, is optimal. When the propor¬ 
tions are reyersed, as in figure 8, one endoderm to four ectodermsi, the 
endoderm shows no elongation but remains as a rounded ball yith an 
ectodermal coyer. 

A separate series of obseryations was made upon early blastulae in 
wliich the roof of the blastocoele was remo\ed, and a piece of the trans¬ 
parent \'itelline membrane was cut to fit the opening and inserted so that 
the ectoderm was fitted around the margins of the cover. It was possible, 
by this method, to observe the formation of the floor of the blastocoele and 
the way in which the various parts came into them organization complex 
during the course of development. The \'itelline membrane remains 
transparent, is retained by the organism without apparent damage to 
the adjacent tissues, and, since it softens during development, serves to 
separate the various parts during the critical period in the organization 
of the floor of the archenteron. It was noted early by this observational 
method that there was a pattern of cells arising near the midpoint of 
the blastula in the floor of the blastocoele. There are generally between 
16 and 28 of these rather large celh, which appear in the fonn of the 
mosaic in the floor of the blastocoele. These are the cells which have 
formed in the pathway of ingression (see figure 1). Whether they are 
actually cells that were originally on the outside cannot be definitely 
stated. There are probably many more cells, not distinctive in either 
their form or their position, which come in at this time, and certainly 
the 16 to 24 which projected the pebbled surface on the floor of the blas¬ 
tocoele can be localized as being morphologically in the chain of ingres- 
si\ e material. They later are found under the stomodaeal pit as the blas¬ 
tocoele becomes reduced. 

In addition to the experiments reported above, in which the observa¬ 
tions of the cells in the floor of the blastocoele could be made, additional 
experiments were conducted in which the entire co\ er of the early gas- 
trula was removed. In this series of experiments, the neural folds de¬ 
veloped at the marginal limits of the denuded area; the yolk endoderm 
was exposed, and the results of the previous series of experiments were 
checked. Just anterior to the midpoint of the blastocoele floor, the 
pebbled series arises, forming a portion of the floor of the archenteron. 
Above this develops the stomodaeal pit, wliile posteriorly the proctodeal 
pit is found. These two structures seem to develop entirely from the 
yolk endoderm, which is specific for them. The factors which have to do 
with the formation of the stomodaeal pit and the proctodeal pit cer¬ 
tainly have their origin intrinsically in the yolk endoderm. The occur¬ 
rence of the lateral neural folds presented somewhat of a problem, since 
this material was underlain only with marginal zone material wliich nor- 
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mallv would have become lateral mesoderm. \Mien the substrate is 
marginal zone material, lTio%\ever, and not the usual chorda mesoderm, it 
has the capacity and competence for forming ectoderm into nervous tissue 
(see FIGURE lO). The neural folds, while poorly developed anteriorly. 




Figure 9. The utilization of the transparent vitelline membrane as a blister through which observa¬ 
tions upon the formation of the stomodaeal invagination are made. The neural folds are held aoart in 
the region of the mid- and hindbrain. 


Figure 10. A culture of the yolk endoderm held in place by the ventral ectoderm and the marginal 
zone. The operation removed practically the upper half of the blastula. The formation of the procto- 
fta?f oftL*eariy regular and occurs because of reactions intrinsic to the ventral 


Figure 11. A smdl cap was removed from the dorsal part of the blastula and observations made upon 
the midpomt of the blastocoele floor Ic/. figure 11 . The ceUular mosaic developed regularly in the 
IS later, by the involution of the blastocoele, converted into the floor of the a^nteron be¬ 
neath the stomodaeal groove. 

blastula with same type of operation as shown in figure 11 but without 


show good structural relationships, and the sections through these in 
dividuills show perfectly definite systems. 

If the experiment is performed later, only part of the roof of the mid- 
gastrula is removed and the cellular reactions which are going on in the 
of the gastrocoele can be obser\-ed. The nervous system, instead 
of consisting of half the nervous system in the regions which have been 
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separated by the removal of the roof of the bkstula, now is practically 
complete. 

There is a distinct ditference, then, in the nervous system effect of tlie 
two operations, for in the first case the nervous system forms really as a 
^ estigial type of regenerate; in the second case, where only a small por¬ 
tion of the roof of the blastula was removed, it is practically complete. 


Diiicussion 

The question immediately before us to be considered is not that of the 
localization of the parts of the gut in the yolk endoderm. This is ade¬ 
quately treated in Kemp's (1946) paper. In general, the results given here 
support Holtfreter‘‘s (1939) conclusion that there is early localization of 
the gut. The stomodaeum and proctodeum are determined in the late 
blastula, and there are indications that the morphological components 
which determine this cliange are the elements wliich have reached the 
inside of the blastocoele by ingression. This is a rather important point, 
for it shows an early localization of gut structure as well as an antero¬ 
posterior localization of the materials. The parts, however, between the 
htomodaeum and the proctodeum seem to have only a general relation¬ 
ship. 

The general relationships of the yolk endoderm are more important 
for the present discussion than the absolute localization of parts such as 
liver, or the parts of the liver. As has been pointed out previously, the 
yolk endoderm has a generalized capacity which can call forth from the 
surrounding tissues certain definite elements. This is also clear from 
Nieuwkoop’s experiments, for, in his study of the origin of the germ cells, 
one can see the various ancillary actions which the yolk endoderm exerts. 
It is positive in the formation of the stomodaeum and the heart which 
shows from Stolir's experiments (which are the converse of Bacon’s), as 
well as in various experiments ha^dng to do with the gills and their 
formation. Tlie endoderm, then, is exceedingly potent in the formation 
of structm'es at the anterior and ventral aspects of the embryo. The fact 
that splanchnopleure does not develop if the gut is absent show’s a defi¬ 
nite directive effect of the yolk endoderm upon the histogenesis of what 
might be regarded as a generalized muscular structure. The inhibiting 
action of the yolk endoderm wdiich pre\ents the splanchnopleure from 
forming limbs is another important indication of its action. 

Yolk endoderm is probably the largest source of the chemical ma¬ 
terials w’hich will be transformed by the organism. These are the rough 
products from which the later chemical materials are going to be 
formed. It is possible that the yolk platelets W’hich have been separated 
into the ectodermal cells and w^hich are part of their composition are 
cluxnged in their values with relationship to the chemical constituents 
by the cells themselves. If this is so, we have a rather clear indication 
that certain of the materials wliich are found predominantly in the 
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nervous system later are developing from the raw materials of the yolk 
endoderm which have been carried about and placed in a definite loca¬ 
tion by the cellular actirity itself. The greater reserv’oir of these materi¬ 
als still remains in the yolk endoderm which is left beliind. 

In watching the development of the amphibian forms, one is frequently 
impressed with the fret that the material found within the gut, consist¬ 
ing of the volk endoderm particles, which have been enclosed by the gut 
material, does not completely digest, and, while there is an extraction 
of material from the yolk, there is still sufficient residue left to make 
quite a >izable collection of material. This material is relatively inert and 
should be investigated in order to get the difference between the chemi¬ 
cal substances which ai*e involved in the yolk platelet formation and the 
final residue after its extraction by the organism. This should form a 
field of rather useful investigation for the chemical understanding of 
what has gone into the organic relationships which have been formed 
by the embryo itself. 

' The yolk "endoderm, then, lias been shown in the present discussion 
to be responsible for the formation of the stomodaeum, to take part and 
be active in the formation of gills, and to possess the capacity for induc¬ 
tion of the heart from indifferent mesoderm or from mesoderm wliich is 
prospectively significant for the formation of other structures than the 
heart. Since the yolk endoderm is so active in the formation of anteiior 
structures* it should be looked upon as a possible factor influencing the 
formation of both the hypophysis and the thjToid. It has a corollary in 
Nieuwkoop’s findings that the endoderm is responsible for the induction 
of germ cells from the lateral plate. From Nieuwkoop'^s work, it is clearly 
shown that the muscle developing from the somites in the splanchno- 
pleuric region ’vvill not develop as the smooth muscle of the gut, but acts 
in the absence of the yolk endoderm as somatopleure which has the 
capacity for developing limbs at the normal regional level similar to that 
found in the somatopleure. When the yolk endoderm is removed in early 
stages, the heart is at}q)ical or absent. When the yolk endoderm is cul¬ 
tured in mid-blastula stages, it elongates, possesses a definite plasmagel 
coat, and develops the invaginations normal to the formation of a sto¬ 
modaeum and proctodeum. In earlier stages of the blastula, some ma¬ 
terial from the outside of the egg must be incorporated along 'with the 
yolk endoderm in order to maintain it as a unit and have it continue its 
development. One can secure the development of practically normal 
form and extension if the yolk endoderm is 25 per cent of the quantity 
of the graft and if it is covered by external material. This points to the 
necessity for the normal operation on the yolk endoderm of material 
from the outside of the egg. The fact that the mid-blastula stages can 
be cultured shows that sufficient material of a nature similar to that of 
the external coat of Holtfreter is present in the cells of the yolk endo¬ 
derm and can take care of its relationship with the external enwon- 
ment. 
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The development of the chemical substances and the enzymes wliich 
are effective in energy transformation may occur in the cells that carry 
a maximal or minimal amount of the yolk platelets. These are particu¬ 
larly rich in the endodermal cells, as is shown by the cytochrome oxidase 
and probably by the adenyl-p\Tophosphotase development. 
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THE ROLE OF SERVES 
IN AMPHIBIAN LIMB REGENERATION* 

By S. MERYL ROSE 

Smith Cvlhge, yorthampton, Massachusrits 


firbt study of the influence of nerves on regeneration was re- 
ported by Tweedy John Todd in 1823.®<^ He had discovered that 
division of the'sciatic nerve in the limb of a salamander prevents regen¬ 
eration distal to tlie level of di\ision of the nerve. He fui^ther stated that 
division of the nerve causes ii regenerate already developing to slirivel 
and waste. These observ’ations ky unused for many years, until in¬ 
terest revived and Todd's paper was rediscovered early in this centurvi 
Several papers appeared soon after the year 1900, some affirming and 
others expressing doubt^» that nerves are necessaiy during regener¬ 
ation. The question was finally settled in the aflSrmative by Wolff in 
1910®^ and by Walter in 1912.®^ Later, Schott^ made it clear that if a 
nerve supply to a salamander's limb is interrupted, regeneration does 
not begin until after nerv’es hav^e regenerated and re-entered the re¬ 
gion adjacent to the level of ainputation.'^^ The expressions of doubt had 
apparently been due to faulty operations in some cases and to failure to 
recognize regenerated unmyelinated fibei*s in others. 

Prior to the analysis of the role of nerves in regeneration, attempts 
v\ere made to isolate the various components, sensory, motor and sym¬ 
pathetic, and to determine thereby which are necessary for regenera¬ 
tion. At first, it seemed that only the sensory supply was necessary be¬ 
cause regeneration could occur in the absence of the section of the spinal 
cord supplying the limb plexus if the dorsal root ganglia and the sensorv" 
fibers were not sev^ered.®^ This was regeneration in the absence of a 
motor supply. Schotte reinvestigated the question of which nerv'e com¬ 
ponent, motor or sensory, is needed and found inconsistencies in liis re¬ 
sults. For example, sometimes the sensory supply alone seemed to be 
enough for regeneration, at other times a regenerated motor supply was 
sufficient, and even the original motor supply seemed to be enough in a 
few cases.^i It was suspected that the inconsistent failures in regenera¬ 
tion were caused by chance interruption of the sympathetic nerve fibers.^^ 
Following this hypothesis, attempts were made to eliminate the sympa¬ 
thetic supply in some cases, and in others to remove everytliing but the 
sympathetic. The results were never completely consistent, but numbers 
favored the sympathetic nerves as the important component for limb re¬ 
generation.'*® 

This conclusion was widely accepted, but it did not go wholly un¬ 
challenged. Locatelli pointed out that the sympathetic nerves, especially 
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the communicating rami, are extremely small, and the rami, at least, can¬ 
not be seen through the dissecting microscope.^o She refused to accept 
the conclusion tliat the sympathetic component is important in regen¬ 
eration, because of the extreme difficulty of the operations and the fail¬ 
ure to confirm them histologically. Her owt^ experiments reaffirmed that 
limbs can regenerate with sensoiy- fibers alone. Working with the nerves 
supplying the liind limbs, she dissected around the roots of ner\es 17 
and 18 in order to remove communicating rami and then pulled 17 and 
18 free from the cord. The operation was done in such a way that both 
ventral and dorsal roots were tom, but the dorsal roots were tom proxi¬ 
mal to their ganglia. This left the sensory fibers of the limb still attached 
to their cell bodies but severed the connections between motor fibers 
and their cell bodies in the cord. With only the sensorj’ fibers intact, re¬ 
generation was normal. In some cases, the sensor}’ component of the 
18th nerve by itself supported normal regeneration, but there was no 
regeneration if the 18th ganglion was extirpated. These results were 
taken to mean that the 18th dorsal root ganglion had a regeneration- 
promoting quality peculiar to itself.-^ 

This was the state of the problem in 1929. Doubt had been cast on the 
claims for the sympathetic, and only part of the sensory supply seemed 
necessary for limb regeneration. In 1942, Singer began to publish an 
experimental re-analysis of the problem. His first finding was that post¬ 
ganglionic sympathetic fibers passing to the anterior limb in Trifurus 
do not join the mixed nerves of the bracliial plexus by way of com¬ 
municating rami. Instead, the post-ganglionic fibers leave the sympa¬ 
thetic cord and constitute a separate nerve, the subclavian, closely ap¬ 
plied to the subclavian artery, ^2 Older observations (see Singer, 1942a, 
for bibliography) show a subclavian nerv’e to be the usual pathway for 
sympathetic fibers leading to an anterior limb in Urodeles. This fact in- 
v'alidates the earlier experiments on the syinpathetics, A reinvestiga¬ 
tion showed that complete unilateral sympathectomy in the anterior 
region did not prevent normal regeneration on the side concerned.^® In 
addition, there are reports that forelimbs had regenerated normally 
after their subclavian arteries had been severed.^^*^'*'®'^ Since it would 
be extremely difficult to sever the subclavian artery without also sever¬ 
ing the nerve, these observations lend weight to the conclusion that 
limbs may regenerate without sympathetic nerves. 

Further careful re-analysis by Singer, with operations checked his¬ 
tologically, show the truth of the thesis that the sensory is the only com¬ 
ponent which by itself can support normal regeneration.®®*®^'®® How¬ 
ever, tliis does not mean that sensory neurones hav'e a peculiar quality 
enabling them, and them alone, to support regeneration. This is not 
true, as Singer shows, for, although a normal motor supply will not sup¬ 
port regeneration,®® a regenerated motor supply will.®® The key to an 
understanding of this paradox comes from a consideration of the num¬ 
ber of fibers involved. There are many more motor fibers after regenera- 
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tion from a ventral root because the axones branch repeatedly as they 
regenerate. It has been determined that the number of fibers necessary- 
for limb regeneration in Triturus is in the range of one-third to one-haif 
of the total number.®'^ The normal motor component does not contain a 
third of the total number of fibers, but there are enough fibers in a re¬ 
generated motor supply to satisfy the threshold requirements. The sen¬ 
sory component is the only normal component with enough fibers to pro¬ 
mote regeneration by itself. In fact, there are so many sensory fibers that 
not all of them are needed. Unless the assumption is made that the re¬ 
generated motor fibers Imve acquired a new quality not present in the 
normal motor supply, it seems likely that neurones of all components 
possess the quality necessary for regeneration. Certainly, sensory and 
regenerated motor ner\’es do. 

In the course of her experiments, Locatelli discovered that limb nerves 
deviated from their normal course and, when made to end near the base of 
a limb, stimulated the development of a new limb over the end of the 
nerve.i® The idea that nerves possess specific morphogenetic potency 
was suggested, but had to be discarded after a demonstration that 
limb neiwes deviated to adjacent territories stimulated regeneration of 
structures whose form was determined by the territory rather than bv 
the nerves.^^» ^ For example, when the limb nerv'e ended at the base of 
the dorsal crest, a piece of dorsal crest developed. 

We now face the problem: How do nerves stimulate regeneration? In 
tr\ing to disco\er their function, we are aided by the knowledge that 
embn’onic limb buds can grow and differentiate without a nerve supply, 
as first demonstrated by Harrison. 12 Since nerves are not necessaiy 
in embryonic development, it would seem that our search should begin 
with that phase of regeneration which differs from embryonic develop¬ 
ment. That phase is the first phase in regeneration, really a prepara¬ 
tory one, during which the old tissue organization at the level of amputa¬ 
tion is lost, and free cells, apparently released from old tissues, collect 
and form a bud.®^4®»2i,62,3i,28,6 ,59 change from organization as 
tissues to a cellular type of organization is known as dedifferentiation. 
Tlie bud or blastema, once it is established, resembles an embryonic 
limb bud, and from that time on its development is similar to the de- 
\elopment of an embrj^onic limb. It is here, during the preparation of 
the blastema, that we shall first look for an influence of nerw^es. 

The fact that nerves are required during this early phase of regenera¬ 
tion is clear: a blastema does not form in the absence of nerves. Only 
lately has there been much work on the causes of failure to regenerate 
after denervation. Schotte^^ and, later, Butler and Schotte^ and their co- 
workers so. demonstrated that denervated limbs of young, larval sala¬ 
manders begin to dedifferentiate in the region of an amputation surface 
but fail to regenerate because dedifferentiation and resorption continue 
unchecked until w'hole limbs disappear. The reason for failure to develop 
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a blastema is quite different in older limbs and it is mill them that we 
shall begin our analysis. 

It is necessary to digress for a moment in order to introduce a regen- 
eratiye process wliich we shall show to be influenced by neryes. It has 
been kno\m for a long time that there is no regeneration from a wound 
sealed with skin.®^» This is not the result of a physical block to blas¬ 
tema growth. What a complete skin seal does'is this: By coyering a 
wound, it preyents an epidermal epithelium from spreading over and into 
the wound, thus barring close contact of epidermal wound epithelium 
with underlying tissues. In normal regeneration, it is the close contact 
of wound epithelium with underlying tissues which causes histolysis of 
those internal tissues and the release of free cells as shown by Jefli- 
moff^®'^® and by Polejaiev.^s X complete skin over a wound prevents 
regeneration, not by preventing gro^vth of a blastema—far from it—but 
because it prevents dedifferentiation which p^o^ides the cells for the 
blastema. If a limb wound is covered in such a way that one comer of a 
skin seal is free, a wound epithelium can migrate in under the skin cover¬ 
ing the wound an;i do its work.^® Intense internal histolysis leading to 
blastema formation results and, instead of the skin acting as a physical 
barrier to groTi^lh, it. too, undergoes histolysis.® Not all epidermal wound 
coverings, even in salamanders, cause extensive dedifferentiation of the 
tissues underhdng them. For example, although epithelia from limb, tail 
or abdomen will support limb regeneration, wound epithelia pro^'ided by 
skin of the head or back will not.^®' 

Passing, now, to a non-regenerating animal, the adult frog, we find 
that one of the causes for failure to regenerate is a change in the epider¬ 
mis during metamorphosis.^*** Miss Gidge and I obtained good regen¬ 
eration of forearms and ^vrists in adult frogs after substituting tadpole 
skin for their own adult skin." A wound epithelium provided by the 
transplanted tadpole skin migrated over and into the wound of amputa¬ 
tion and initiated extensive dedifferentiatioii. This is very limited in 
adult frogs if their o^ya epidermis contributes the wound epithelium,®* 
The hea\T dermis of adult frogs may also be a factor in preventing re¬ 
generation because it, along with epidermis, soon closes over a wound, 
forming a barrier between epidermis and underlying tissues.*® However, 
adult anuran limb epithelium can be stimulated by treatments with 
NaCl®^' or with other imtants®*» ^7 then act as a younger 

epithelium and, in its turn, cause dedifferentiation even of dermis with 
the concurrent release of cells to be used in a blastema. Figure 1 is a 
section of a salt-treated frog limb. If it is compared with figure 2, a con¬ 
trol limb of the same age, it \vill be seen that dedifferentiation had just 
started in the salted limb. Bone, for example, had begun to erode away. 
Comparison of a salt-treated limb (figure 3) and a control limb (figure 
4 ) a few days later shows intense dedifferentiation and concurrent blas¬ 
tema formation in the salt-treated limb while the control has already 
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Fiolrb 1. A longitudinal section through the tip of a salt-treated frog’s limb 19 days after amputa¬ 
tion and 10 days after the last salt treatment. Internal dedifferentiation is just beginning. Erosion 
of bony matrix and the presence of several large, darkly stained, free-fused osteocytes may be noted. 
X70. 

Figlrb2. a longitudinal section through the tip of an untreated frog’s limb 19 days after amputa¬ 
tion. This shows no active dedifferentiation and is to be contrasted with the salt-treated hmb in 
FIGURE 1. X70. 

Figure 8. A longitudinal section through the tip of a salt-treated frog’s limb 27 days after amputa¬ 
tion and 18 days after the last treatment. A large blastema of mesenchymal cells has formed, beneath 
which is a aone of dedifferentiating old bone and new cartilage. X45. 

Figure 4. A longitudinal section through the tip of an untreated frog’s limb 27 days after amputa¬ 
tion. Already, ffbroixs scar tissue and cartilage, ffanldng the bone, have completely differentiated. 
This premature differentiation is m marked contrast to the undifferentiated state seen in figure 3. 
X45. 
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liealed with a cartilaginous callus surrounded by fibrous scar tissue. The 
dedifferentiation had apparently been initiated by a stimulated epithe¬ 
lium. 

The best of the regenerates obtained from adult frogs by either salt 
treatments or tadpole skin transplantation, after amputation through 
the forearm, had normal new forearms and wrists but w'ere abnormal in 
the more distal regions (figure 5). We shall consider the cause of thi^ 
abnormality later. At present, we are interested in salt treatments only 
because of their action in stimulating a wound epithelium. 

Returning irom the digression with the knowledge that an acti\ e 
wound epithelium causes internal histolysis, we can now show” that 
nerves are normally involved in the activation of the W'ound epithelium 
in adult salamanders, as Miss Oliver and W ha\ e recently demonstrated. 
Figure 6 show’s a blastema on a normal limb of the newt, Trifurus viri- 
descens. Contrasted with this is the tip of a non-regenerating dener\ated 
stump of approximately the same age (figure 7). In the denervated limb, 
there has been very little dedifferentiation. Only the cut muscle fibers 
have degenerated. Bone, a good landmark, remains intact to the end of 
the stump. This stump failed to develop a blastema in the absence of 
neiw’es because it failed to dedifferentiate. Notice the w’ound epithelium, 
only a few cells tliick and composed almost entirely of squamous cells. 
Now compare a completely denerw’ated limb of the same age which had 
received baths in a strong NaCl solution (figure 8 ). The wound epithe¬ 
lium is much thicker and extends down into the wound. This time, there 
is active dedifferentiation. Bony matrix is being eroded away and, in 
every case, multi-nucleate, fused osteocytes lie in the wake of the proc¬ 
ess. The conclusion is dra^vn that nerv'es promote dedifferentiation in 
the adult limb stump. 

Dedifferentiation is not the only process for which nerves are needed 
during regeneration, as we learn from consideration of the ultimate fate 
of the limbs in question. Cells in the blastemata of normal limbs grow 
rapidly and remain imdifferentiated until a large gi’oup of cells has 
formed. Only then does differentiation begin. In the denervated, salt- 
treated limbs, there is appreciable dedifferentiation, but the most strik¬ 
ing phenomenon is the rapid differentiation of new tissue, cartilage, and 
fibrous scar tissue, with a concurrent failure of growth. In the untreated, 
denervated limbs, few’ cells dedifferentiate, but the few w’hich do so al¬ 
most immediately redifferentiate again into scar tissue and cartilage. 
In figure 9, show’ing a denerv’ated limb of the same age as those in 
FIGURES 7 and 8, premature differentiation of cartilage along the edge of 
the partially eroded bone may be seen. This is never observed in sal¬ 
amander limbs with a normal neiw’e supply. It would seem that nerv'es 
promote growth without differentiation, or, rather, shift the balance be- 
tw^een growth and differentiation toward growth. In this way, a suflSi- 
ciently large mass of tissue is available to form a limb by the time 
differentiation begins. 
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Figure 5. One of the best of the frog limb regenerates obtained after transplantation of tadpole skin. 
The limb had been amputated through the middle of the forearm. j?icti^ed here is the regenerated 
forearm and normal functional wrist. It is to be noted that in this and in all of the induced 
regenerates the distal part of the hand and the fingers are either abnormal or missing. X12. 

Figure 6. A cone-stage blastema on the forearm of an adult Triturua 23 days after amputation. De- 
differentiation had progressed as far as the tissues at the base of the photograph, and rapid growth of 
the blastema had begun. X70. 

Figure 7. The tip of an adult Tnturua forearm 23 days after complete denervation and amputation. 
There has been very little loss of structure. Cut muscle fibers have degenerated, but bone is still intact 
even at the level of amputation. X70. 

Figure 8. The tip of a salt-treated adult Triturus forearm 23 days after complete denervation and 
amputation. The limb had been treated with strong NaCl solutions for the first 14 days after the 
operation. The greatly thickened woimd epithelium, typical for treated limbs, is to be contrasted with 
the thinner wound epithdium on the untreated limb in figure. 7. Dedifferentiation of bone had begun 
in the treated limb. X70. 
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There is supporting endence for this belief. If a denerv'ated newt 
limb is re-amputated after 23 days, some nerve fibers e apparently re¬ 
entered the limb and a small fraction of these fresh stumps 'v\’ill regen¬ 
erate limbs, but most of them are insufficiently innervated. These pro¬ 
duce callus and scan tissue, as seen in figure 10. The same type of gro^\1:h 
was observed by Walter many years ago®^; it was also caused by insuf- 
ficent inneiv^ation. There can be little doubt that nerv'es are important 
for limb regeneration not only because they favor dedifferentiation but 
also because they promote rapid grm;^i;h of the dedifferentiated cells. If 
growth fails and differentiation begins prematurely, all the cells in the 
\dcinity of bone are transformed to chondrocytes and others closer to 
the periphery become fibroblasts. 

This combination, inadequate dedifferentiation followed by poor 
growth and rapid dedifferentiation ending \vith callus formation, is 
found not only in deneiv’ated and x-rayed limbs, but also in the limbs 
of naturally non-regenerating vertebrates.®^* Figure 11 is a section 
tlirough a 9-day stump of a frog'^s limb. Already, its limited deditferen- 
tiation and premature differentiation have resulted in the formation of 
callus and scar. The same picture is seen in a lizard liml) btump (figure 
12). Here, too, fiber and cartilage form prematurely, sooner than these 
same tissues form in the regenerating tail of a lizard, as sho\m by Bar¬ 
ber.^ 

The question naturally arises: Do these limbs fail to regenerate be¬ 
cause of insufficient innerration? An answer in the affirmative might be 
closer to the truth if the question were worded: Have the limb tissues of 
the non-regenerating vertebrates evolved in such a way that the work 
which nerves do has become more difficult? Changes which occur in 
anuran tissues at metamorphosis and which cause failure to regenerate 
are reviewed in an excellent article by Polejaiev in the Biological Re¬ 
views for 1946.®® It might be possible to overcome these changes in some 
of the non-regenerating forms by increasing the quantity of nerA e fibers 
in the limb. There has already been initial success along this line. Singer 
reported in a discussion, late in 1946, at the A.A.A.S. meetings in Bos¬ 
ton that he had stimulated partial limb regeneration in adult frogs by 
deAiating the sciatic nerve to the forelimb. We are awaiting the results 
of our owia attempts to stimulate limb regeneration in lizards by increas¬ 
ing the amount of neural tissue. 

Returning again to the salamanders, we find that the need for nerves 
is not OA^er as soon as a blastema has formed, us demonstrated^ by 
Weiss,®*^ Schotte,^* and Samarajew.®®* If nerves are sectioned in a 
salamander limb dmdng the early stages of blastema formation, the blas¬ 
tema regresses. Even after a regenerate has advanced to the stage when 
the first form changes are apparent, interference with the nerre supply 
may prevent the formation of distal structures or cause them to be ab- 
normal.^^' ®®* The structures affected are the last to take form. Their 
formation is ordinarily accompanied by rapid growth. AMien the nerv^es 



826 


Annals: New York Academy of Sciences 



Figubb 9. An untreated Triturus limb 23 days after denervation and amputation. In this denervated 
limb, there had been slight erosion of bony matrix, but this was almost immediately followed by dif¬ 
ferentiation of cartilage, which may be seen at the extreme right of the photograph along the shaft 
of the bone. There is another small island of differentiating cartilage to the left and near the middle 
of the bone on the left. X70. 

Figlrb 10. An untreated Trifurw limb 4 months after a reamputation which had been performed 23 
days after the onginai amputation and denervation. This limb, which probably had some regenerated 
nerve fibers at the time of reamputation, has formed a cartilaginous callus covered by fibrous scar 
tissue. X35. 

Figure 11 . \ normal untreated stump of a frog's forearm. Here, as in figure 10, can be seen the 
cartilaginoub callus and the fibrous scar tissue. X22. 

Figure 12. \ normal untreated stump of a lizard forearm. This naturally non-regenerating hmh 
shows the same arrangement of cartilaginous caUus and scar tissue as seen in the non-regenerating 
frog's limb (figure 1 1 ) and in the non-regenerating partially innervated newt limb (figure 10). X12. 

are sectioned, the gro\\ih rate decreases markedly. It* seems likely that 
these distal abnormalities result from failure of growth at this critical 
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period. Differentiation unaccompanied by rapid growlb also seems to 
be the cause of distal abnormalities in induced anuran regenerates. 

The various treatments hO far used to artificially stimulate regenera¬ 
tion have pronded large amounts of dedifferentiated material but have 
not increased growth, during the period of finger formation when growih 
is so necessary a part of morphogenesis. Again, we see the adult anuran 
limb failing in a procehS which is supported in the urodeles by nerves. 

As mentioned earlier, the conditions of failure to regenerate are differ¬ 
ent in young lar^’al limbs after denervation. Contact between wound 
epithelium and internal tissues is made, but no fibrous membrane de- 
^ elops under the wound epithelium. Instead, the wound epithelium con¬ 
tinues to exert its histoMic action until the entire limb has disappeared. 
As ill adult limbs, there is no growth of the products of dedifferentiation 
into a regenerate in the absence of nerves. Howe^ ei\ a regenerate forms 
from these dedifferentiated tissues very rapidly when ncr\es re-enter the 
region.'^'^ A partial explanation of the difference in response of young 
and older animals is that older tissuch have acquired a greater propen¬ 
sity for fiber formation. 

These differences bet^^een young and old denervated limbs are paral¬ 
leled by those exliibited in x-rayed limbs. Sufficient dos>age to present 
regeneration of larval limbs is followed by dediff'erentiation and resorp¬ 
tion of entire limbs.^ Not so ^^ith older limbs; x-rayed and amputated 
limbs of large axolotls soon develop a scar beneath the epithelium and 
fail to regenerate. The argument that a fibrous scar acts as a barrier 
between epithelium and internal tissues, thereby preventing dediffer¬ 
entiation, is supported by two observ’ations from the irradiation ex¬ 
periments. X-rayed appendages of axolotls which had been amputated 
and had already formed a scar beneath the wound epithelium, were 
made to regenerate normally by removing the scar.^® The second obser- 
\ation is that young limbs x-rayed twehe days after amputation do 
develop a filirous layer beneath the wound epithelium and do not de¬ 
differentiate.*^ In this case, a large blastema was already present and its 
cells were about to differentiate when the limb was x-rayed. 

No theory of ner\e action during regeneration can stand unless it can 
encompass two reports which are, at first, disconcerting, namely, that 
after transplantation of limbs nerves are not necessary" for regeneration. 
It would seem unwise to doubt these reports, coming as they did, in¬ 
dependently, from tw’o of the best laboratories for the study of regenera¬ 
tion. If w’e accept them as true, and I think w^e must, our tlieorj' must 
fall unless transplantation itself causes the changes in a limb which we 
attribute to nerve action. It is fortunate that Polejaiev transplanted 
tadpole limbs of the same stage as Schotte and Harland denervated. 
Polejaiev reported regeneration in the transplanted limbs before nerves 
had an opportunity to re-enter them,^^ wMe Schotte and Harland, with¬ 
out transplanting, found no regeneration after denervation.^ 

What does transplantation do to a limb.?^ The answer is found in a 
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quotation from Polejaiev and Ginzburg®® (see also^*^: *‘‘‘In a control at 
stage Ila subjected to simple limb amputation, the tissue differentia¬ 
tion is preserv^ed in its essential features: the skeleton does not disinte¬ 
grate, the muscle patterns maintain their integrity; mesodermal cells 
of the regeneration rudiment do not accumulate on the amputation 
wound surface under the epithelium. In case of limb autotransplanta¬ 
tion, dedifferentiatioii of tissues takes place: cartilaginous epiphyses are 
transformed into dense mesenchymatous thickenings; muscle patterns 
disintegrate, forming a homogeneous mass of mesenchymatous cells 
which, "assuming a round shape and mo\ing towards the epithelium of 
the amputation wound surface, form the mesodermal part of the regen¬ 
erating rudiment.’’'’ 

This is strong supporting evidence for the first part of the theory, 
namely, that nerves act by causing dedifferentiation (except in very 
young tissues). 

Schneider has also reported regeneration without nerves after trans- 
plantation.4® By transplanting a piece of axolotl limb to the region of 
the back, regeneration of poor feet was obtained. He also stated that 
regeneration was faster and better when the sciatic nerve was de\iated 
along with the transplant. These facts are in no way incompatible 'vvith 
the second part of the theory, namely, that nerves also support regener¬ 
ation by supporting growth ^vithout premature differentiation. 
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Discussion of the Paper 

Dr. E. G. Butler {Princeton University^ Princeton^ X, J.)\ 

One of the points I bhoukl like to discuss is whether, at the pre^ent 
time, we ha\e final comincing e\idence that regression does not occur in 
amputated nerv^eless limbs of adult urodeles. It was my understanding 
from listening to Dr. Rose that he has found no regression in the ner\'e- 
less limbs in Iiis experiments. On the other hand, I believe that in un¬ 
published experiments Dr. Schott^ has found that regression occurs in 
adult denerv'ated limbs after amputation and prolonged absence of 
nerves. I should like to ask Dr. Rose how long he maintained the limbs 
in his experiments in a nerveless condition. It seems to me that, in this 
problem, time is a very important factor. It is not so much a question 
whether regression in an amputated limb takes place during a 30- or 60- 
day period of nerv’elessness, as whether it will take place during a 4- or 
6 -month period. Certainly, extreme regression takes place in larval 
limbs. Can it be that the situation is so different between the larva and 
the adult? In my opinion, we should have data from experiments on 
adults carried o^er a long period of time before we endeavor to answer 
this question positi^ely. 

It is my understanding from Dr. Rose\ paper that he regtirds the 
epidermis as contributing to the blastema. It is possible that cells from 
the epidermis pass into the blastema, but do they form a functional 
component of the blastema? I ask this question not as a criticism of Dr. 
Rose^^s work, but rather for information. One of the most involved prob¬ 
lems with which I am acquainted is that of endeavoring to recognize the 
source of cells which contribute to the regeneration blastema. Is there 
clear eridence that cells from the epidermis not only enter the blastema 
region, but also actually take part in regenerative actirity? 

Lastly, I should like to mention the matter of blastema age and its 
relation to limb regression. My work on regeneration has been primarily 
mth urodele larvae and I am basing my statements chiefly on these. 
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I feel that the time has come ’^\hen we can no longer simply refer to a 
regeneration ‘‘’’blastema.'*' A newly formed blastema is a far different 
structure, morphologically and physiologically, than an older one. The 
blastema is a continually changing structure and at different times ex¬ 
hibits different types of actmty. So far as regression is concerned, a 
young blastema is incapable of preventing a nerveless larval limb from 
undergoing regression; the presence of an older blastema, however, pre¬ 
vents a limb from regressing. I should like to suggest, therefore, that, 
in studying the physiology of regeneration, in adults as well as in larvae, 
the age of the blastema always be taken into account. It seems to me 
that this is an important consideration in the type of blastema which 
Dr. Rose is studying in his salted limbs. 

Dr. S. AI. Rose: 

We have kept animals whose limbs had been denervated and ampu¬ 
tated for as long as five months. Some of these animals began to regen¬ 
erate limbs after several months** delay, others formed the type of callus 
shown in figure 10 , and still others formed practically no new tissue. 
There was no measurable regression in any of these animals except in 
one case., and in that only after the subclavian artery had been inadvert¬ 
ently severed. Judging i^ith the work of Walter and of Singer as a basis, 
I tlunk that these groups are different because of difference in nerve 
number. They are alike in failing to regress. Some other factor seems to 
be more important in causing regression than a nerve number below 
that necessary for limb regeneration. It would be very interesting to 
know whether adult limbs which had been maintained absolutely nerve¬ 
less for a long time would, in time, begin to regress. As I remember, Dr. 
Schotte did believe that nervelessness for a long time would be followed 
by regression. Recently, in a discussion, he stated that regression had 
been obtained in adults after dener\'ation if the amputation was per¬ 
formed through a regenerate. He did not speak of regression of older 
denervated tissues. I tliink that the question of the amount of regres¬ 
sion after long periods of nervelessness is still unsettled and that we 
must await a projected paper by Dr. Schotte which will more fully 
cover the problem of delayed regression. 

In our present work, it is clear that nerves play an important role in 
dediffereiitiation. Without them, there is scarcely any dedifferentia¬ 
tion. This is very different from the situation in young lanne. I do be¬ 
lieve that there are real difference.s between larva and adult; both the 
denen'ation and x-ray radiation experiments indicate it. My guess is 
that a difference originally quantitative, which we see reflected in the 
ability to produce collagen, is the basis for the resulting qualitative dif¬ 
ference between young larva and adult. An initial study of some of the 
general age clianges as they affect regeneration has been made by Miss 
Good’win.^® Much more work on this important problem is needed. 

I do not know whether epidermal cells enter the blastema and later 



Rose: Xerves in Amphibian Regeneration 833 

differentiate into “mesodermar" tissues. There is direct e\idence that 
epidermal cells pass into the blastema. This has been described bv 
Godlewskij* by Hellmich,^®® by Neukomm,®^® and by Rose.®® Godlewski, 
Neukomra and I were almost sure that we could see intergradations 
between epidermal cells and cells of the blastema. There is also the ex¬ 
periment by Umanski*® indicating that a blastema may form from un¬ 
treated skin transplanted to an x-rayed limb. That skin contained both 
epidermis and dermis, either or both of which can be suspected. We 
have unpublished studies from which it appears certain that ntally 
stained cells leave the epidermis and enter the blastema. Later, a few 
chondrocytes can be found containing the ^^tal dye. Again, uncertainty 
creeps in and this cannot be considered evidence that epidermal cells 
become chondrocytes, because many of the epidermal cells are phago- 
cvtized and their stained granules transferred to their mesodermal 
predators. Hellmich, without using ^•ital dyes, came to the conclusion 
that all of the epidermal cells in a blastema are destroyed. That may be 
true, but the obser\'ations above and other considerations®® liave kept 
alive the unproven idea that the epidermis may be one of the sources of 
blastema ceUs. A better test of the idea is needed than any used so far. 

I fuUy agree mth Dr. Butler that consideration of the age of a blas¬ 
tema is important. I should also like to say that knowledge of biochemi¬ 
cal changes during this period would be very useful. 
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Introduction 

O VER an extended period of years, the author has been interested 
in the capacity of various portions of the embryonic nervous sys¬ 
tem oi Amhlystoma to undergo structural and functional readjustments 
when subjected to new conditions by means of grafting. 

One of the earliest experiments in this connection consisted in sub¬ 
stituting trunk spinal segments (6, 7, and 8) from a donor embryo for 
the brachial segments (3, 4, and 5) of a host embryo. The embryos 
ranged in age from those with completely closed neural folds (stage 21) 
to those with a prominent tail bud (stage 30). A histological study of the 
cords in host lar\'ae, approximately 50 days after the operation, showed 
that the grafted segments in the new position had undergone a volume 
increase and cellular hyperplasia w^hich approximated the size and 
cellular content normally characterizing the brachial region of the cord. 
The forelimbs in 50 per cent of the cases exhibited normal function and 
were supplied by a typical brachial plexus, whose segmental contribu¬ 
tion took origin from the grafted segments. These and other experiments 
dealing with the interchange of various spinal segments and the effects 
upon cellular proliferation, showed that the number of cells normally 
characteriang a given region is not inherently and irrevocably fixed. 
Some regions, how^ever,are more plastic than others. Some have a greater 
^^potentiaP'* for proliferation than others, regardless of their axial posi¬ 
tion.* 

In .some recent experiments (Detwiler, 1945) upon the embryonic, 
brain, the presumptive hemispheres w^ere excised in order to study any 
possible morphogenetic effects of their absence upon the development 
of the remainder of the brain, particularly the medulla. It had been 
sho’wn by Buit (1916a) that the cerebral "hemispheres of Amblystoma 
are dependent upon the intactness of the nasal sacs for their complete 
development. He also showed (1916b) that, w’hen a cerebral hemisphere 

* For a discussion of the morphogenetic responses of various spinal segments in altered positions see 
Detwiler, 1936. Hamburger (1946) has studied the proliferation of cells in mechanically isolated por¬ 
tions of the chick spinal cord, and has discussed the results in relation to earlier findings on the am¬ 
phibian cord following certain experimental procedures. 

r 834 1 
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is removed from embrros,* it will regenerate only if the nasal placode 
is left intact. The stimulus for regeneration was assigned to the ingro^vth 
of the olfactory nerv'e fibers, a contention which received support by 
later experiments (1930). 

My ovm. experiments upon the forebrain corroborated Burr's results 
in that there was no evidence of regeneration of the hemispheres. In 
these experiments, which were conducted on Harrison's stage 21x,t the 
excised region included the presumptive nasal placodes and the eye 
rudiments. Both unilateral and bilateral excisions were made. Since it 
was doubtful whether embryos lacking the entire forebrain, eyes, and 
nasal placodes could lead an independent existence beyond the yolk 
resorption stage, many were fused parabiotically with normal embryos 
to serve as nurses and at the same time as controls for the operated com¬ 
ponents. Others were alloAved to develop as “‘free"' indhiduals. 

External malformations in the shape of the head became visible fairly 
early. The growth of the upper jaw was greatly reduced, resulting in a 
marked protrusion of the lo\ver jaw (figures 1 and 2). In cases of unilat- 



PiGURB 1. Parabiotic twin ^FBBBP20) 26 days after operation. tS. The 
right component lacks both cerebral hemispheres, eyes, and nasal organs. 


eral excision, this condition existed only on the side of operation (fig¬ 
ure 3). 

\Mien the larvae had reached the feeding stage, most of the non- 
parabiosed individuals, despite the absence of forebrain, eyes, and nasal 
placode, exliibited snapping reactions when a needle was moved gently 

• Stages of operation not indicated. t At stage 21 the neural folds are completely closed. 
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Figure 2 A^whlystoma larva (FBEB44) 26 days after operation x8 The fore- 
brain, e^es, and nasal placodes were removed from the embryos in stage 21 



Figure 3 A-mblystoma lar\a (FBE21) with absence of the right hemi¬ 
sphere, theipselateral eye, and nasal sac, 80 days after operation x 8 


back and forth along the side of the head. They were capable also of 
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feeding upon daphnia and small enchytraeid worms ^ha^rer (1932) had 
indicated pre\ioubly the significance of the lateral line sense organs in 
the characteristic snapping reactions. It had also been shoi\Ti later 
(Detwiler and Copenha'ver, 1940) that the growth rate of lanae lack¬ 
ing e\ eb and nasal oigans maj keep pace with that of controls under con¬ 
ditions of mavimal feeding. This indicated clearly that the lateial line 
sense organs alone may constitute an adequate receptor appaiatus for 
the detection of food m motion. 
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The intake of food, and the gro\\th of the lar\ae lacking the fore¬ 
brain, eyes, and nasal placodes, was markedly curtailed as compared 
with the controls. Spontaneous behinior in general w^as greatly reduced, 
both quantitatively and qualitatively, especially the foraging reactions, 
regardless of the amount of food a\ ailable. The mean length of the lar\ ae 
at 45 days of age was slightly more than 50 per cent of the length of 
maximally fed normal animals of similar age. Nevertheless, the motor 
activities concerned with lurching, engulfing food, chewing, and swal¬ 
lowing were carried out in an integrated manner, although they were 
decidedly less ^ igorous than in larvae with intact hemispheres. In the 
parabiotic twins, the eating function was taken over largely by the more 
active conjoined normal component, but here, too, the operated com¬ 
ponent w'as seen to snap and engulf food. Although actual measure¬ 
ments were not recorded for all cases, it may be said that the growth of 
the twins was greater than that of the operated ‘‘‘‘free’’’* individuals, but 
not as great as in the normal control larvae. 

Wax reconstructions of the brains of the 2 components in twin 22 are 
shown in figukes 4 and 5. The operated component not only lacks tlie 
hemispheres, but the dorsal portion of the diencephalon is also wanting. 
The hypothalamic re^on and the pituitary gland (both glandular and 
neural portions) are present and essentially normal. This situation was 
characteristic of all cases whether the indhidual was parabiosed or not. 
The defecthe diencephalon is interpreted as resulting from partial abla¬ 
tion during the operation rather than to any morphogenetic influence 
due to the absence of the hemispheres. 

Despite the complete absence of the hemispheres, an incomplete dien¬ 
cephalon, and a possibly smaller mesencephalon, the medulla in all cases 
showed no significant reduction in size. The medullas of the operated 
components were somew^hat shorter than those of the mormal compo¬ 
nents of the twins (figuke 6 , cf. J and 5), but their volume in all cases 
studied, except one, ranged fi*om 92 to 99 per cent of normal (Detwiler, 
1945, Table 1). 

In cases with unilateral excision of the forebrain, there occurred a 
compensatory enlargement of the contralateral nasal sac and the adja¬ 
cent hemisphere. The single hemispheres in 4 cases studied showed 
volume increase ranging from 73 to 88 per cent of the volume of both 
hemispheres in a control lar\’a of similar length (Detwiler, op. cit.^ Table 
2). A histological study of nuclear size forced the conclusion that the 
compensatory enlargement of the hemisphere was accomplished by a 
cellular hj’perplasia. 

The capacity of the young larvae lacking hemispheres, eyes, and nasal 
organ to obtain food and to lead an autonomous existence, led to experi¬ 
ments designed to test the beha\ior of lan^ae lacking the midbrain. 

Nicholas (1930) excised the embiyonic mesencephalon and replaced 
it with a graft consisting of the forelimb and adjacent pronephric rudi¬ 
ments, thus isolating the forebraiii from the remainder of the neiw^ous 
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Figure 6. Graphic reconstruction of the medullas of normal component (A) and 
operated component {B) of parabiotic twin PBEB3. The operated component 
lacks the cerebral hemispheres, eyes and nasal sacs. x40. (See figure 1.) 


sy&tem. He found that the early responses (C and S reactions) ^\ere 
carried out normally. He said little about the effects of the operation 
upon beha^ ior of older laryae, except that spontaneous mo^ enients were 
not present and that rigorous swimming moyements could be elicited 
by stimulation. These apparently diminished in amount as the animals 
became older. Nicholas did obserye that his laryae were unable to ob¬ 
tain food, and tliis failure was regarded by liim as due to the fact that 
“the remo\al of the mesencephalon created a block in the nervous sys¬ 
tem so that normal feeding responses could not be obtained.’’'* 


Experimental Results 

In my own experiments upon the mesencephalon, three types were 
performed: (A) excision of the mesencephalon from embryos in stage 
20-21 and replacement by the first and second spinal cord segments 

* In cases where the larvae were kept beyond the feeding stage (stage 46), the animals were fed by 
artificial means. 
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from a donor embryo in stage 22-23; (B) end-to-end reversal of the en¬ 
tire midbrain in embryos of stage 22; and (C) unilateral reversal of the 
midbrain in embryos in stage 20-21, involving reversal of the antero¬ 
posterior axis only. 

Excision of the Mesencephalon and Its Replacement by Cord Segments 
I and IL This procedure differs from that of Nicholas (1930) in that 
ners'ous continuity is maintained between the fore- and hindbrain. The 
majority of the larvae at the feeding stage were unable to eat. Several 
exhibited feeble snapping reactions but were unable to obtain their 
prev. Only 2 cases in 24 were recorded as ha\'ing eaten, and their intake 
was \ery meager. In most cases, the jaws were immobile and held slightly 
apart. Tliis condition readily explains the inability to capture Daphnia 
in those cases where snapping was attempted. The incidence of kyphosis 
was ver}^ low; there were only 2 cases in this series which developed this 
condition. This is in marked contrast ydth. the results obtained by Nich¬ 
olas.* all of whose larvae developed a marked ventral bending of the head 
and tail. The fact that the larvae in the present experiments developed 
as straight indmduals naturally favored a critical study of their sinm- 
ming responses. 

Observations upon STjcimming Responses. SH the early larvae exhib¬ 
ited normal C and S flexures and swimming responses. In later stages, 
ho^\evel^ despite previous manifestations of an adequate intraspinal 
s\\imming mechanism, the lars’ae showed progressive failure both in 
their responses to tactile stimulation and in their locomotor ability. 
The method of studying behavior was as follows: Individual larvae (nor¬ 
mal and mesencephalonectomized of similar stages) were placed in a 
Syracuse dish and stimulated 25 times at approximately 5-second inter¬ 
vals. This was done by stroking the skin over the myotonies irith a 
human hair, according to the method of Coghill (1909). At the end of 25 
stimulations, the number of ‘‘‘’misses'’ was recorded. In addition to study¬ 
ing the responses to tactile stimulation, the distance traveled in response 
to 25 stimulations was measured. This was done as follows: A circle, the 
diameter of which equaled the inside diameter of a Syracuse dish, was 
drawn upon a card. This was di\’ided into 10 sectors of arc (36° each). 
The sectors were numbered successively from 1 to 10 both clockwise and 
counterclockwise, and the card was then placed beneath the dish so that 
the circle coincided with the inner wall of the dish. A larva was placed 
adjacent to the inner wall of the dish and headed in a clockwise direc¬ 
tion. It was then stimulated and the number of sectors traveled before 
coming to rest recorded. Tliis was done for 25 stimulations at approxi¬ 
mately 5-second intervals. At the end of these, the number of positive 
reactions and the total distance traveled in units (sectors of arc of 
36° each) were recorded for each larva. Yoimg larvae are strongly thig- 
motactic and nearly alwnys s^vim along the wall of the dish. In order 
to avoid occasional short-cutting, *he de\ice was improved by placing 
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a glass ring within the Syracuse dish which provided a ‘‘‘moat**’ about 
7 mm. in diameter. The improved de\ice is sIioto in figure 7. 



Figure 7. An improved device placed beneath a Syracuse dish for quantitating the distance traveled 
by young AmbZystomalarvae (stages 39 to 46 and beyond). The outer heavy circle corresponds to the 
inner wall of the dish; the inner heavy circle indicates a glass ring the height of the dish. The space 
between the two represents a ''moat” approximately 7 mm. in diameter. Each larva was placed in the 
moat and stimulated 2$ successive times at approximately 5-second intervals, and the total distance 
traveled was recorded in units (sectors of arc). The glass ring has been added to tbe original device 
(Detwiler, 1945, Figure 1) to prevent larvae from occasionally short-cutting as they swim along the 
wall of the dish (r. text). 

Records were made upon 2 separate groups each consisting of 4 con¬ 
trol and 6 experimental larvae. The data on these 2 groups are shown in 
FIGURES 8, 9,10 and 11. Figures 8 and 10 show the responses to tactile 
stimulation, while figures 9 and 11 record the average distance traveled 
by the larvae at the stages indicated. It is seen that, beyond stage 41, 
the number of ^‘'misses^’ among the experimental animals was indeed \ery 
striking. Although there w^as some variation in the average distance 
traveled by the normals at the various stages (solid columns), it is clear 
that the propulsive power of the experimental larvae was greatly re¬ 
duced (stippled columns). In no single experimental larva from stage 41 
on did the maximum swimming response equal the minimum response 
of any of the normal larvae. 

It is apparent from the findings that the execution of normal loco¬ 
motor responses quite early in larval life depends upon the intactness 
of the mesencephalon. Up to about stage 40, the absence of tliis struc¬ 
ture appears to have little or no effect upon the swimming activities, 
which are autonomous in the sense that they apparently can be car¬ 
ried out entirely independent of any structural coimection with the mid¬ 
brain. The rapid faUing-off in the locomotor capacity at this period (stage 
40-41) is regarded as eridence of the importance of the midbrain tectnni 
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Figure 8. Graph showing locomotor responses of Amhlystoma larvae fCMC-group 1) to 25 succes¬ 
sive tactile stimulations at 5^econd intervals. Continuous line shows the average for 4 normal control 
larvae; broken line shows average for 6 larvae in which the midbrain was replaced by the first two 
segments of the spinal cord. X avis represents stage; Y axis indicates number of responses. 
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Figure 9. Graph showing total distance traveled by the larvae in group 1, in response to 26 
successive stimulations at 5-second intervals. The solid columns show the average distance 
covered by 4 control larvae; the stippled columns show the average distance travded by 6 
larvae whose midbiain was replaced by the first and second spinal cord segments. X axis 
designates stages; Y axis represents distance in units <aector8 of arc as shown in figure 7 u 
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Figure 10. Graph showing locomotor responses of the larvae in group 2 (CMC) to 26 
successive tactile stimulations at 5-second intervals. Continuous line shows average for 4 
control larvae; broken line shows average for 6 larvae with midbrain replaced by spinal 
cord segments 1 and 2. X axis indicates stages; Y axis indicates number of responses. 



Figure 11. Graph showing total distance trax^eled by the larvae in group 2 (see explanation of figure 
9). -Y axis designates stages; Y axis represents distance in units (sectors of arc as shown in figure 7 1. 
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in coordinating and sustaining these functions. Crossed and uncrossed 
tracts arising in the tectum invade the medulla as the tecto-bulbar 
tracts. These make synaptic connections with tracts which arise in the 
medulla and invade the cord as the bulbo-spinal tracts (Herrick, 1914). 
However, Herrick (1939) says that some of the fibers arising in the tec¬ 
tum probably invade the spinal cord directly as the tecto-spinal fibers. 
According to him, the uncrossed tecto-bulbar tracts develop earlier than 
the crossed fibers of tliis system. These latter appear in preparations 
^‘“subsequent to early swimming stages.’** In the earlier feeding stages, he 
finds that essentially adult relations have been attained. 

It should be pointed out here that larv'ae lacking the midbrain are still 
capable of some locomotor actirity, the intra-spinal mechanism can 
still function, but to a greatly diminished degree (figures 9 and 11). The 
evidence seems clear, however, that the spinal apparatus, which is en¬ 
tirely adequate for normal propulsion in the early stages (37-40±), later 
falls under mesencephalic control. 

Although no attempt wns made to trace out the pre-otic cranial 
nerves, it would appear that the failure of the animals in this series to 
eat (vide supra) was largely due to the defective development and dis¬ 
placement of the V-\TI ganglionic complex as a result of the operation. 



end at stage 22. X axis designates stages; Y axis indi^tes number of responses. 
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Failure to cut precisely between embryonic mesencephalon and medulla 
resulted in the inclusion of the anterior end of the medulla in many ex¬ 
cisions—thus invohdng either the inclusion of or the disturbances to the 
adjacent V-MI complex. 

Efid-to-Erid Reversal of the Mesencephalon. As in the series described 
above, the early C and S responses were normal. The responses of 
larvae to tactile stimulation and their motor ability were tested in the 
manner described above. The results are shoTO in figures 12 and 13, 



Figure 13. Graph showing total distance traveled by larvae in response to 25 successive stimulations at 
5-second intervals. The solid columns show the average scores for 4 control larvae; the stippled col¬ 
umns show the average scores of 6 larvae in which the midbrain was reversed end for end in stage 
22. X axis designates stages; Y axis indicates distance in units (sectors of arc as shown in figure 7). 

and they reveal the fact that, despite complete reversal of the midbrain, 
the laiwae responded to tactile stimulation nearly as well as did the con¬ 
trols. More striking, perhaps, is the fact that the motor capacity was 
only slightly lowered. This is in marked contrast with the greatly cur¬ 
tailed motor capacity of those lacking the midbrain (pf figures 9 and 
11). A microscopic examination of the larvae in this series showed that, 
in 4 of the 9 cases studied, there was no detectable evidence that the 
midbrain had been reversed (figures 14 and 15). In 5 others, which were 
incapable of feeding, there were morphological deficiencies which could 
well account for this defect (Detwiler, 1946a* p. 129). 

Unilateral Reversal of the Midbrain. In these experiments, the right 
half of the mesencephalon was excised and replaced by the left half from 
a donor embryo, thus reversing only the antero-posterior axis. The 
young lar\ne, like those of the two pre^dous series, showed nonnal de- 
\ elopmcntal beha^dor. No quantitative records were made of the motor 
acthdties until stage 46, when 8 Jarvae were tested aloitg with 6 normal 
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Figure 14. Reconstruction model of the brain of a normal larva (48 days, 35 mm.) for compari¬ 
son with the brain of case RMC60 (with reversed mesencephalon) as shown in figure 15. \40. 

Figure 15. Reconstruction model of the brain of case RMC60 C42 days» 38 mm.). 

The embryomc midbrain was reversed end for end in stage 22 {ef. figure 14}. ^40. 

controls of the same de\ elopmental stage. The results showed that the 
i\^erage distance covered by the experimental animals equaled that of 
the controls. Certain developmental abnormalities were encountered in 
some of the cases in tliis series; these have been described previously 
(Detwdler, 1945., p. 132). One of the most interesting conditions consisted 
in the failure of the graft to fuse with the cephalic and caudal stump of 
the host brain. In consequence, the graft developed into an isolated, 
bilaterally symmetrical whole, and the excised midbrain half w’as re¬ 
stored by regeneration from the contralateral intact half (Detw'iler, 
1946b), These cases are of especial interest in showing that, at this stage 
of development, half a mesencephalon is capable of restoring the whole. 
The same capacitv had l)een sliowm previouslv for the medulla (Detwiler, 
1944). 
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Locomotor Responses of Larvae Lacking the Cerebral Hemispheres. Al¬ 
though the general behavior of larvae lacking the hemispheres had been 
observed prior to those ^\ithout the midbrain, no quantitative studies 
on locomotor responses i^ere made at the time. Consequently, the ex¬ 
periments were repeated and the motor ability tested T;\ith the de\ice 
sho\^n in figure 7. Two groups each consisting of 5 operated and 3 con- 



Figurb 16. Graph showing total distance traveled by the larvae in group 1, in response 
to 25 successive stimulations at 6-second intervals. The solid columns show the average 
scores for 5 control larvae; the stippled columns give the average scores for 5 larvae lack¬ 
ing the cerebral hemispheres and the dorsal portion of the diencephalon. X axis desig¬ 
nates stages; Y axis represents distance in units fsectors of arc as shown in figlrb 7? 
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.roib were tested from stages 39 to 46+ (feeding stage). The averages of 
.e scores for both normal and operated larvae in the two separate 
groups are illustrated graphically in figures 16 and 17. These show that 
the operated larvae in the earlier stages do somewhat better, when com¬ 
pared ivith their controls, than they do in later stages (stages 45 and 46). 
The lowered motor ability, however, is only slight as compared with the 
extreme motor incapacity of lar\’ae lacking the midbrain. The lack of 
the forebrain also had rio effect upon the responses to tactile stimula¬ 
tion. The number of ""misses"* to trunk tactile stimulation among the 
operated larvae was no greater than among the controls. This is in 
marked contrast with the failure exhibited by the mesencephalonecto- 



Fioube 18. Photomicrograph of transverse section (2-1-4) of a normal larva (C A) at stage 46 (feeding 
stage) showing cerebral hemispheres, nasal placodes, and an eye. It is the thirty-first section caudal to 
the first appearance of the brain in section. x33.3. 

Figure 19. Photomicrograph of section 1 1-4-1) from case FBEB (4A) at stage 46. It is the seventh 
section caudal to the first appearance of the brain in section. The larva is completely devoid of cere¬ 
bral hemispheres and the dorsal portion of the diencephalon. z33.3. 

Figure 20. Photomicrograph of section (1-3-4) from case FBEB (25A). It is the seve’''>h section 
caudal to the first appearance of the brain in section. The larva lacked the hemispheres and the dor- 
jal portion of the dirneephalon. \33.3. 

''IGURE 21. Photomicrograph of section (1-4-2» from case FBEB (25). Conditions same as those de- 
libcd for PiorRBS 19 and 20. \33. 
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mized lan’ae, which showed a striking decline in response to tuctil* 
stimulation subsequent to stages 40 and 41. 

Morphological Observations. Ten operated lar^'ae and 1 control sub¬ 
sequent to stage 46 were fixed and studied in serial transverse sections. 
All 10 cases showed a total lack of the hemispheres. In addition, the 
dorsal portion of the diencephalon w^as also wanting. The hvpotlialamic 
region and pituitary gland were present in most cases, but in several 
this region was defective. 

Four of the sectioned animals are illustrated in figures 18-21. Figure 
18 is a photomicrograph of the thirty-first section caudal to the beginning 
of the hemispheres in a control larva (J). The hemispheres are promi¬ 
nent, as are also the nasal placodes and an eye. The microphotographs 
shoTO in FIGURES 19, 20, and 21 represent the seventh section caudal 
to the first appearance of brain tissue in the operated animals. The 
brain in these sections is readily recognizable as mesencephalon. 

Many of the animals of this series failed to feed. Eight larvae which 
did eat followed a behavior pattern similar to those described previously 
(Detwiler, 1945), viz.^ curtailed spontaneous bebudor, rather feeble 
lurching, reduced food intake, and marked reduction in growth. The 
acti^’ities involved in lurching, engulfing, che^nng, and sivimming were 
performed in an integrated manner. 

Motor Responses Following the Ejccision of the Right Mauthner^s Neu¬ 
rone and of the Right Ear Vesicle. In teleost fishes and in lar\^al Am¬ 
phibia, there exist 2 giant neurones knora as Mautlmer’s fibers. These 
have been of considerable interest to neurohistologists because of cer¬ 
tain anatomical features they exhibit—* mainly the gigantic size of the 
cell, the high degree of differentiation, the cliaracteristic position in the 
medulla, the extensive dendritic connections, the internal cell structure, 
and the nature of the synapses. 

Studies bv different authors upon the anatomical connection of these 
cells in various forms have resulted in several suggestions regarding 
their function. 

In Amblystoma^ the two perikarya occupy a lateral position in the 
medulla at the level of the entrance of the ^TII nerve (figure 22), and 
the axones, after decussating in the medulla, course caudally through 
the spinal cord in a ventral position (figure 23) where connections are 
made 'vrith both motor and intercalary cells (Coglull, 1934). 

With regard to the function of this cell, Bartelmez (1915) says: ^^The 
reduction of the latent period by elimination of the synapses and the 
highly meduUated character of the system have led me to believe that we 
are dealing here with a reflex in which speed and precision are very im¬ 
portant, and I would suggest that it is this reflex which enables the ani¬ 
mal to keep perfect control of its equilibrium in the most rapid and in¬ 
tricate movements.” He also suggests that the great caliber of the 
axones, the broad contact surface^ in the synapse of the lateral dendrit 
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Figure 22. Photomicrograph of section f 1-3-6) through the medulla of case MPEB (2A) 

1 39 days), showing Mauthner’s cells, and their positional relation to the VIII nerve. \50. 

Figure 23. Photomicrograph of section through the spinal cord at the 
level of the third spinal nerve showing position of Mauthner’s fibers. \66. 

and the liighly insulated character of the whole path^ all point to a very 
rapid reflex. The fact that Mauthner'’s cell, in addition to its connec¬ 
tions with the \Tn nerve roots, has connections mth every center in the 
brain which receives impulses that may be used in equilibrium, strongly 
suifgested to Bartehnez an important role in equilibratorj" reflexes. 

Although much attention liad been paid to the dendrite connections 
of the cell body in the brain, it was not until the observations of Cog- 
hill (op. cif.) that important and hitherto unknown relations of the 
axonal collaterals in the cord became known. Based on liis studies, 
Mauthner\s fibers are regarded as constituting an inliibitory system. 
Following his obseiwations on the synaptic connections within the cord, 
Coghill says: ‘■‘’Upon the hypothesis that the action is inhibitory, a volley 
of impulses passing cephalo-caudal along Mautlmer**s fibers would in¬ 
hibit local sensory-motor responses, represented by the cells of inter¬ 
calated type, in favor of the total action pattern and at the same time 
wnuld inhibit the antagonist of one side in favor of the agonist of the 
other, as represented by the cells of motor type. Such inliibition \vould 
facilitate the cephalocaudal progressing flexures which effect swimming. 
Possible interference of local patterns of action (reflexes) with the total 
action pattern of swimming w^ould thus be prevented, and interference 
of the axial musculature of the right side with that of the left and \ice 
versa, w'ould be blocked.*” 

Coghiirs interpretations are in harmony with my own findings based 
upon the excision of these cells (Detw'iler, 1927, 1933), wiiere it was 
shown that the swimming reflexes of larvae lacking one or both neurones 
are inferior to those of normal animals. Larvae devoid of one Mauthner’s 
neurone were found to exhaust more quickly than normals following 
repeated tactile stimulations. The swimming frequently w'as jerky and 
uncoordinated. There was no evidence from these experiments that the 
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lack of one of the Mauthner’s neurones had any effect upon equilibra- 
tion. 

In excising a IMautliner's cell, the ear vesicle first had to be removed 
and subsequently replaced by a vesicle from a donor embryo. Histologi¬ 
cal studies showed that, ^\hen larvae lacking the Alauthner'^s cell ex- 
liibited equilibratory disturbances, they were referable to an abnormal 
ear or to defective nervoub connections,orboth. It became apparent, from 
the results, that Mauthner's neurones are not indispensable to normal 
equilibrium. On the other hand, the absence of one ear was foIlo\sed by 
marked equilibratory disturbances. 

According to Coghill''s view, the renio\al of Mauthner’s fiber would 
release a normally present inhibitory effect on the local patterns of ac¬ 
tion and the interference between this and the total action pattern 
would be increased, as well as that between the axial musculature of both 
sides of the body. Regardless of the exact \\ay in wliich the mechanism 
works, both the histological and physiological findings agree that this 
system is important in sustaining coordinated motor activity. 

WTien the earlier experiments were made upon Mauthneris cells, no 
derice was avaihible for measuring the motor responses. It seemed de¬ 
sirable, therefore, to repeat the experiments and te^t their locomotor 
responses with the derice shown in figure 7. 

The technique employed in removing the Mauthner cell con‘^isted in 
first excising the ear vesicle. A small mass of cells was then cut away 
from the lateral wall of the medulla just medial to the ear region. This 
was followed by replacement of an ear \esicle from a donor embryo, 
using care that it was implanted with normal orientation. The opera¬ 
tion was made on embryos in the early tail-bud stage (btages 27 and 28). 
For studies on comparative beharior, the ear \ esicle alone was removed 
from a group of similar aged embryos, leaving the Mauthner neurone in¬ 
tact. In both groups, the C and S flexures and the early swimming 
responses were carried out in normal fashion. Beginning with stage S8. 
the motor responses were measured upon three groups as follm^s: (1) 
10 normal control lar^ae; (2) 20 larvae from ^\hich the right Mauthneris 
cell had presumably been removed; and (3) 10 larvae lacking the right 
ear vesicle. This was done with the device shown in figure 7. Each ani¬ 
mal was stimulated 25 times, at approximately 5-second inter\’als, by 
stroking the trunk skin with a human hair as described above. The total 
number of units (sectors of arc) traveled by each animal following 25 
stimulations was then computed, the average determined for the in¬ 
dividuals in each group, and the standard error computed.* This pro¬ 
cedure was carried out for each successive stage up to the feeding stage 
(44-f-) and then upon larvae 2, -i, and 7 days respectively after feeding, f 

* I am indebted to Professor Herbert Elftman for subjecting my data to a statistical analysis and 
computing the standard error* 

t In A. vmriatunt, the larvae begin to feed at stage 46. In these experiments, A^Jeffnionianutn ww 
used and they were observed to begin feeding at a developmental period comparable in many respects 
to stage 11 of A. puneiatum. 
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The data, based upon approvimately 10,000 indi\idual recordings, are 
gi^en in figi ee 24 An examination of this figure re\eals a number of 



Figlre 24 Graph showing average total distance traveled by larvae of 4 jefferBonianum in response 
to 25 successive stimulations at 5-second intervals under the conditions indicated The heavy central 
line for each curve represents the average, the line above and below represents the standard error. 
The curves are based upon the (^ta obtained from 10 normal larvae, 20 with the nght Mauthner's 
ceU remo\ ed, and 10 with the nght ear removed Upon later histological examination, it was found 
that m 7 of the Mauthner neurone senes the cell had not been excised (t text for explanation; 


interebtmg facts. The lar\ae of all three groups made relath ely low 
scores at ^tage 38, thobe lacking the ear being the lowest. At stage 39, 
there was a rise in the scores of all groups, but the controls markedly 
outdistanced those of the other two groups. Here, again, those lacking 
the ear made the poorest records; those lacking Mauthner’s neurone oc¬ 
cupied an intermediate position. From stage 40 on, there was a general 
o^ erall decline in the motor ability of the group with theoretical absence 
of the Mauthner^’s neurone. Although there existed considerable varia¬ 
tion at different stages, those lacking the ear showed marked improve¬ 
ment in their scores after stage 44, and at 4 days after the feeding stage 
their scores equaled those of the controls. Despite the improvement in 
their locomotor ability, these larvae lacking the ear still exhibited the 
characteristic equilibratory disturbances during locomotion. The be¬ 
havior of larvae lacking an ear vesicle has been described by Greene and 
Laurens (1923) and subsequently by the author (1927,1933). Such ani¬ 
mals exhibit torsion towards the earless side. There is flexion of the 
arm on that side, with extension of the opposite arm. In swimming, the 
Ian ae rotate frequently on the longitudinal axis so as to exhibit a ‘‘cork¬ 
screw*” mov^ement. They may come to rest upside down, but more fre¬ 
quently land on the earless side. Spontaneous movements are usually 
less marked. 
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The lanae ^^ith theoretical absence of Mautlmer's neurone slu^ved 
no signs of impro^ement in their scores up to 7 dajs post feeding. In¬ 
complete records of some older lar\ae of this group showed improve¬ 
ment in locomotor response, but the data vere too scattered to be 
treated statistically. Vie^^ing the curve as a \Nhole, it is apparent that 
larvae lacking Mauthner\ cell do not ha\e the locomotor capacity of 
normal lar^ ae. The fall in locomotor ability of this group began at stage 
39. It may be pertinent to point out jfrom microscopic studies of normal 
lar\ae that, at stage 39, Mauthner^'s cell shows some differentiation, 
^\hich appears to be complete by stage 41.* According to the records 
(figure 24), it is at this peiiod ^vhen the motor response of this group be- 
oan to decline {cf, control). 

In order to obtain evidence as to v\hether the Mauthner neurone had 
actually been excised, the larvae of this group were studied in serial 
transverse section. WTiereas the group was originally made up of 20 
lar\ ae, only 16 were a'v ailable at the end of the experiment. Both ilauth- 
ner‘’s neurones were found to be present in 7 of the 1C animals. Most of 
these indi^iduals. from which the right neurone had not been excised, 
also had low scores, but the a\ erage, on the whole, was higher tlinn that 
of the group lacking this neurone. The low scores of the group with this 
neurone intact, as compared with those of the controls, leads one to sus¬ 
pect that, whereas the cell had not been excised, the operation may ha\e 
disturbed the relations sufficiently to pre^ ent normal connections of the 
cell body, resulting thereby in a lack of normal function. This theoreti¬ 
cal explanation received some support from the fact that, in several 
cases, the perikaryon was displaced and in 2 cases was \ery small. 

This series of experiments is regarded as incomplete, and it is planned 
to repeat the experiment and test the locomotor responses of much older 
larvae along with those of normal controls of similar age. In so far as 
they go, the results bear out former conclusions that the locomotor 
ability of larvae lacking the Mauthner fiber is inferior to that of normal 
animals. 


Summary and Conchmons 

d. With a de\ice described in the text (figlre 7). the locomotor re¬ 
sponses of young Amhlystoma laiwae ha^e been quantified under the 
following conditions: 

{d) Control lar\ae for each group listed below. 

(6) Laiwae lacking the cerebral hemispheres and the dorsal portion 
of the diencephalon. 

(c) Lar\ae with the midbrain replaced by the anterior end of the 
spinal cord. 

(d) Larv’ae with end-to-end re^el'^al of the mesencephalon. 

(e) Lar\ae with unilateral reversal of the mesencephalon (reversal of 
A-P axis only). 

’ Ba«eil UDon a microscopic study of Harrison’s normal stages 
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, ae lacking the right Mautlmeris neurone, but mth. intact ears. 

g) Larv^ae lacking the right ear. 

B, The data obtained from this group, where locomotor responses 
were measured from stages 39 to 46+, show that during these stages the 
motor capacity is only slightly lowered (figures 16 and 17). The rela¬ 
the unimportance of the hemispheres in the general motor actirities i.s 
clearly indicated. 

C. Larvae without the midbrain, but with ner\ous continuity between 
fore- and hindbrain exliibit normal locomotor responses up to approxi¬ 
mately stage 40. Thereafter, the motor capacity is greatly low'ered (fig¬ 
ures 9 and" 11). The data indicate that the swimming mechanism in the 
early stages ib essentially spinal and autonomous, but that at approxi¬ 
mately stages 40-41 it becomes subser\ ient to mesencephalic control, 
probably concomitant with the development of the tecto-bulbar and 
tecto-spinal tracts. 

D. Reversal of the mesencephalon only slightly low^ers the locomotor 
capacity. The scores of larvae ranging from stages 39 to 46+ are in gen¬ 
eral of a magnitude similar to those exhibited by lar\ae lacking the 
hemispheres (^. figures 13 and 16). 

E. L^nilateral reversal of the midbrain (x\-P axis only) has no effect 
upon the motor ability of the animal. 

F, *Vnimals lacking one Mauthneris neurone show significantly low¬ 
ered scores as compared with those of control larvae (figure 24). They 
differ from those lacking an ear in that the scores did not improve in the 
later stages under investigation, 

G, The low'ered motor ability of larvae lacking one ear is rather strik¬ 
ing up to near the feeding stage. Thereafter, there is a gradual improve¬ 
ment. Four days after the feeding stage their scores equaled those of 
normal larvae (figure 24). 

The data obtained upon all groups are listed in graph form in the 
text. The method of study, as presented, gives an objective and quanti¬ 
tative picture of the performance of young lar\ne under various experi¬ 
mental conditions. It makes possible statistical validation of small 
differences which might be in doubt if reliance w^ere placed solely upon 
subjective impressions. 
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FUNCTIONAL POLARIZATION IN 
DEVELOPING AND REGENERATING RETINAE 
OF TRANSPLANTED EYES* 

By L. S. stone 

ftf Anatomy^ Yale Unlvenity School of Medirin*'^ and OAtorn 
Zooloyintl Lahomtory^ Yale Ualcercity, Xew Hact)u ^Connecticut 


S tudies of the organization and location of the eye-fonning centers 
ill tlie brain wall (Adelmaniij 1934, 1936, 1937; Alderman, 1935: 
Mangold, 1931; Stone and Dinnean, 1943) and the subsequent growth 
of those centers related to the induction and organization of the lens 
as shown by Spemann (1938) and many others, reveal how well this sense 
organ is adapted in amphibians as a tool for approaching problems deal¬ 
ing with polarization during development and differentiation. 

The influence of the developing eye cup upon the formation of the 
medio-lateral axis of the lens has been intimated by the experiments of 
Woerdeman (1934) and LeCron (1907), but little notice has really been 
given to it. The outer pole of the developing lens forms the subcapsular 
epithelium. The inner pole is devoted to fiber formation. The evidence 
offered by LeCron and Woerdeman seems to indicate that the establish¬ 
ment of tliis axis may be normally dependent upon the length of time the 
lens anlage remains in contact with the optic vesicle and cup. WTien the 
lens placode was isolated early from the optic vesicle, it formed later 
only an epithelial vesicle. If the lens anlage was allowed to be associated 
with an optic cup for a period of time before it was isolated^ it could 
later develop a fiber-forming pole. Even in some of these 6ases, the 
fibers would degenerate later. The optic cup is probably exerting a 
strong influence upon the establishment of this axis. There is a great 
need for further study of this problem. 

Other organization within the lens can also be studied. Early on the 
anterior (distal) surface of the lens is a vertical suture and on the poste¬ 
rior (proximal) surface is a horizontal one. Focusing attention on the 
posterior (horizontal) suture, Woerdeman (1934) found that, by rotat¬ 
ing the presumptive lens ectoderm 90°, this suture was in a labile form 
before the period w^hen the neural folds became elevated, but it was de¬ 
termined just before the neural folds closed. Therefore, the polarity or 
growth direction of the fibers was already predestined at an early stage. 
According to Woerdeman, this is also borne out by the fact that, when 
the optic vesicle is rotated 90°, the suture line in the lens is unrotated, 
although the choroid fis.sure was rotated. 

• Aided by grants from the John and Mary R. Markle Foundation and the Fluid Research Fund of 
Yale University School of Medicine. 
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Since the direction of the choroid fissure normally coincides •with that 
of the anterior vertical suture of the lens, and is at the same time per¬ 
pendicular to the posterior horizontal suture, this relationship could be 
used in further fruitful studies to uncover any influence the eye-forming 
centers may be exerting on the establishment of the lens sutures. 

From the work of Beck\^ith (1927), Sato (1933), and Woerdeman 
(1934), one would judge that the time when the choroid fissure it'self be¬ 
comes determined varies in different species of amphibians. Since it can 
be used as a mark of polarization taking place in the eye cup, and since 
it mark^ the groove along which the early lentis vasculosis is directed in 
the higher vertebrates, it is highly desirable that the choroid fissure be 
examined even more closely than it has been in previous studies. 

In the midst of all of these influences for organization, it may occur 
to the curious-minded that the future functional arrangement in the 
retina might also be manifesting itself. Therefore^ as an interesting chal¬ 
lenge from the standpoint of development and regeneration, we shall 
examine what evidence we have of this examjde of polarization taking 
place in the salamander eye. 

I have worked for many years on \'ision in salajiianders, where the eye 
can be successfully transplanted followed by return of vision in the graft. 
Up to the present time, this has not been done successfully in other 
vertebrates. We have shown not only that the eyes of laiwae (Stone, 
Ussher, and Beers, 1937; Stone and Cole, 1931 and 1943; Stone and 
Zaur, 1940; Stone, 1940) and adults can be transplanted to new hosts, 
and eventually nsion returns in the graft, but that the eyes of quite 
different species of salamanders can be exchanged with equal success 
(Stone. 1930; Stone and Elli^on, 1940 and 1945). Thi'=!, I might say in 
passing, has presented an interesting method of studying ^’isual acuity 
when it is different in two hosts whose eyes are being exchanged. Return 
of vision can be shown at least four times in the same adult salamander 
eye {Triturus viridescens) repeatedly transplanted to new' hosts (Stone 
and Farthing, 1942). The adult salamander eye can even be successfully 
transplanted after s.even days of refrigeration (Stone, 1946). 

When the eyes are transplanted in larvnl salamanders, veiy little 
structural changes take place in the graft (Stone. Ussher, and Beei*s, 
1937; Stone, 1930). The original retina is retained with an occa.sioiial 
loss of a few ganglion cells. The proximal stump of the optic nerv'e re¬ 
generates readily and follows along the pathway of the degenerated dis¬ 
tal segment leading into the brain. 

In the adult grafted eye of the salamander, a striking difference oc¬ 
curs. Not only all of the optic nerve degenerates but the origiiial retina 
of the eye also disintegrates quite rapidly, ^vith the exception of a ring 
of cells at the peripheral or ciliary margin (figures 1-6). From these sur- 
rtving cells, a new retina is regenerated and, after differentiation takes 
place, a new optic nerce grow's back through the chiasma into the lirain, 
where it apparently makes proper connections. Return of rtsion is U'^^ 
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Figure l. Photomicrograph of central portion of normal retina in adult eye of Triiurus pirideseena. 
\125 AJl other figures are from transplanted adult eyes of the same species. 

FxGURB 2. Ciliary region in a transplanted eye 6 days after operation, showing far less degeneration 
than in the central retina (figurb 3). xl25. 

Fig re t). Same case as figure 2, showing extensive degeneration in the central retina 6 days after 
operation. \125. 

Figure 4. Showing complete degeneration of the central retina 16 days after operation. xl26. 

Figure 5. Showing a regenerating retina, three to four ceUs deep, in the central portion fS days aft®r 
operation. xl2£. « « , 

Figure 6. Showing the completely regenerated redna and -ptic nerve 61 oa. ifter operation, x 125. 
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ally demonstrated in the transplanted eye between two and a nali' and 
three months after operation. 

When Sperry, in 1942, first reported reversed rtsuomotor responses ir 
adult salamanders after optic nerve regeneration in eyes which ^^ere 
rotated in situ ^vithout remo^al from the orbit, I examined the effects 
of various types of rotation on rtsion in many grafted eyes of Triturus 
viridescens in which the regenerated and new functioning retina could 
be tested (Stone, 1944). We shall retum to these experiments later. 

Since we shall be examining the functional quadrants of the retina, we 
need to know the normal visuomotor res|)onbes in the salamander, ’which 
are both simple and dependable for our tests. They are demonstrated 
when the animal moves tow'ard, snaps at, and follows a lure approach^ 
ing any of the four quadrants in the field of \ision. The animal also 
automatically moves head and body in the same direction with a rotat¬ 
ing black and white striped drum only if it passes from the temporal to 
the nasal poles (postero-anteriorly) through the field of vision of one eye 
(clockwise for a left eye and counterclockwise for a right eye). These 
compensatory nio^ ements are not elicited when the drum moves in the 
nasotemporal or antero-posterior direction through the field of \ision of 
either eye. 

In attempting to determine the stage in development at w'hich the 
retina becomes functionally polarized, the right eye w^as excised, rotated 
ISO'^, and reimplanted in embryos of Amhiysfoma punctatum from the 
closure of the neural folds to a period just before the feeding stage be¬ 
gins. In other words, all the Harrison stages from 20 to 44 inclusive w ere 
examined. Vision tests during the larval and adult life of these hosts 
show^ed that, up to the late tail-bud stages, the eye could be rotated 180^ 
without normal rtsion being alfected later. 

If the eye is rotated around the stage at wdiich the first motor re¬ 
sponses are known to appear in the embryo, the visuomotor reactions in 
the animal later on appear to be confused. Reactions sometimes appear 
slightly re^ersed but are not sharp and consistent. It is difficult to ana¬ 
lyze them. How^e\ er, if the eye is rotated at about the time when the beat¬ 
ing of the heart is prominent, around Harrison stage 36, a definite re¬ 
versal in the visuomotor responses will later become ertdent. The eye is 
now' developed into a w'ell-defined, broad, smooth-rimmed cup. A thin 
tapetum covers the outer surface of the thick undifferentiated future 
retina. The lens vesicle is just separating from the source of origin and 
will soon produce a fiber-forming pole. It fills the cavity of the optic cup 
against which it has been very tightly pressed ever since it sank inward 
a*^ a lens plug. Anyone w'ho has tried to remove the living lens anlageu 
at this time will know full w'ell the implications of these remarks as ap¬ 
plied to the ope‘vatioi>. If the degree of adhesion with which they stick 
together is air 'ndioatxon o^ the importance of events now happening 
beh'xen then fi re they later separate, it must be all-pow'erful. In 
fixed prp]mmth u- relationship is poorly indicated as a distinc*!^ ’ 
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feature. I believe it is worthy of far more attention than has been placed 
upon it. 

Leading up to this period in development, the functional polarization 
of the retina is becoming established. Not long after this critical period, 
all rotated eye cups show that later in larval and adult hosts both the 
dorsoventraland aiitero-posterior (nasotemporal) axes are fully expressed 
by a complete re\ersal of the vision responses. 'Whether both axes are 
ekablished at the same time or at different moments is being investi¬ 
gated by experiments now in progress. 

In an earlier part of this discussion, attention w'as called to the fact 
that, as soon as one temporarily interferes with the blood supply to the 
retina in an adult salamander eye, such as transplantation accomplishes, 
the retina degenerates witli the exception of a ring of cells at the periph¬ 
eral or ciliary margin. These surviving cells aid in the regeneration of a 
retina which gives off a new optic nerve. This grows ou? to make con¬ 
nections with the brain, so that return of rtsion can be demonstrated 
between two and three months after operation. This offers an unusual 
opportunity not only to examine the possibility of return of rtsion but 
to test whether or not the functional quadrants in the retina can be re- 
e-^tablished through the processes of regeneration. 

In mv studies on many hundreds of transplanted eyes in salamanders, 
it has been shoTO that normal vision eventually returns to the graft if 
it is normally oriented when placed in the orbit. In some manner, the 
new libers from the ganglion cells in each of the quadrants in the regen¬ 
erated retina in adult transplanted eyes register their stimuli with the 
proper centers in the optic tectum. It is difficult to conceive hoAv normal 
vision could be re-established if this were not so. 

To examine further the functional quadrants of the retina in the 
adult eye of Tritwus viridesce7xs^ for example, we must perform a few 
simple operations invohing various types of rotation experiments. In 
the first of these experiments, we shall rotate the right eye 180° antero- 
dorsally in situ and fix it in place after cutting only the conjimctival 
and muscular attachments. Care is taken to insure that the optic nerve 
and blood supply are left intact in order to preserve the original retina. 
To prepare our animal for special tests, we shall remove the opposite 
left, normal eye. Following our usual technique, the animal, remaining 
under cliloretone anesthesia, is placed in a cool moist chamber w'here it 
continues quiet for 24 hours. During this time, the right rotated eye be¬ 
comes fixed and healed in place. Animals prepared in this manner are 
now’ placed in wnter in finger-bowl aquaria wiiere they are kept for daily 
observations. We shall see that the eyes now possess all the quadrants 
of the original intact retinae functionally reversed. 

The animals ha\e a tendency to swim and walk in circles, sometime^ 
in a very excited manner in short circles in the center of the aquaria 
v'ith the head touching the tail. Their circuitous progression is almost 
entirely toward the blind side and, as they come to rest, the head con- 
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tinueb to drift for a short distance in the direction in wliich thev ha\e 
been moiling before it is brought back to the midline. Ulieii Dajplmia 
are swimming about in the aquaria, these salamanders make erroneous 
strikes at the mo\’ing objects. Unless they make contact with their 
source of food, they may have great difficulty in obtaining it. 

In response to a rotating black and white striped drum, the head and 
body movements are called forth only w^hen the drum passes through 
the field of \ision from the original temporal (posterior) pole to the orig 
inal nasal (anterior) pole. Since the right eye has been completely rotated 
180^ in this case, the drum must be moving in the clockwise direction— 
the one which fails to call forth a reaction if the right eve'is normally 
oriented. Instead of foUo^ung in the direction of the mo\ing drum, how¬ 
ever, the animal walks or smms in the opposite or reverse direction. At 
first, the head starts drifting in the opposite direction. After reorienta¬ 
tion, this nystagmoid movement may be repeated se\eral times. Ver\^ 
soon the animal starts s\riniming and walking as if pursuing the drum, 
but always in the reverse direction. WTien the^drum is rotated in the op¬ 
posite direction (counterclock'wise) through the field of rision from the 
original nasal (anterior) pole to the original temporal (posterior) pole, 
the animal usually assumes the position of a fixed stare. There is no 
nystagmoid movement of the head or body, and the animal makes no 
movements in response to the drum. 

.V dark object, such as a small piece of red rubber impaled on the 
end of a white wire, serv es as a good lure for further rision tests. When 
the lure is brought from in front into the field of rision, the animal im¬ 
mediately seeks it in the opposite direction. 'WTien the lure approaches 
from the rear, the animal moves forward in its search. When the lure i^ 
brought above the animal, it immediately darts to the bottom of the 
aquarium to find the moving object, and when the lure is moved below 
the glass bottom of the aquarium the animal comes to the top of the 
water in its pursuit. In other words, all responses are conipletelv re¬ 
versed. If the animal is anesthetized again and the eve rotated back 
through the same arc to normal orientation, the swimming reactions 
and all visuomotor responses to the lure and drum are fully restored to 
normal as soon as the animal recovers from the anesthetic. We now^ have 
sufficient control observations to compare with the results obtained 
from rotated transplanted eyes ^rith return of vision in a regenerated 
retina that replaces the original one. 

Our next experiment, then, will be to excise a right eye, for examj>le, 
and then reimplant it upside do^vn. We have then rotated all retinal 
quadrants of the eye 180°, just as we did in the above experiment when 
the eye was rotated 180° in situ without removing it the orbit. 
The general technique of operation i^ the same as that which I have 
often described before in the literature already cited. Since the degen¬ 
eration and regeneration of the retina and optic nerve and retiurii of 
^ision will be completed at the end of tw'o or three months, we imi^t 
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ey tJii .4 left normal eye before that time, in order to make our tebth 
V ‘arable to the one above, that is, exclusively on the rotated eye. We 
f t,.*at, as soon as \nsion has returned, all of the nsuomotor response^ 
e as completely reversed as in the case where the eye was rotated in the 
bit without destrojdng its original retina. If the eye is now rotated 180“ 
i situ so that its axes are normally oriented, this places the retinal 
ladrants in normal position, and the \'isuomotor responses are normal 
gain. Also, if a reimplanted rotated (180°) eye, which has been function¬ 
ing for a considerable period with reversed \'ision, is transplanted a sec¬ 
ond time but normally oriented, the swimming reactions of the animal 
And the visuomotor responses are perfectly normal in every respect when 
vision returns again in the retina which regenerates for the second time. 

We can study, in the same eye, the effects of rotation on two quadrants 
of the retina while the other twn remain normally oriented (Stone, 1944; 
Sperry, 194S). This is done in two simple experiments, by excising either 
the right or left eye and grafting it to the opposite side. If, for example, 
w^e excise both eyes, discard the right one and, in its place, implant the 
left eye without inverting the dorsoventral axis, the quadrants in this 
axis are normally oriented but the antero-posterior (nasotemporal) axis 
is rotated 180°, thus reversing only the positions of the nasal (anterior) 
and temporal (posterior) quadrants. Vhien \’ision returns in the new 
letina, the swimming, head movements, and reactions to a rotating 
drum are the same as when tliis axis (antero-posterior) was rotated in the 
eyes reimplanted upside doTO. Reactions to the lure were completely 
reversed and abnormal when the lure approached from in front or from 
the rear, but perfectly normal when it approached either dorsally or 
ventrally. 

In another experiment, if we excise both eyes, discard the right one 
and, in its place, implant the left eye upside down this time, w'e maintain 
the normal orientation of the anterior and posterior quadrants but in¬ 
vert both the dorsal and ventral quadrants. Now, when the vision re¬ 
turns, if the lure is brought into vision above the water in the aquarium, 
the animal immediately seeks it at the bottom of the aquarium and vice 
versa. In seeking the lure monng into xision from the front or from the 
rear, the \dsuomotor responses were perfectly normal. Since this axis 
(antero-posterior) was not rotated, the head and body movements, s^vim- 
ming. and reactions to the rotating drum were the same as in animals 
with a single normally oriented right eye. Therefore, we can prove that 
the functional patterns in each of the retinal quadrants are re-establi&hed 
by regeneration and that the Hsuomotor responses are guided bv the 
orientation hicli these retinal quadrants register to the cejitral nervous 
system. How the peripheral and central connections are properly made 
to maintain, thehe abnormal \ision rc-sj mses for o\er three years, is still 
a mystery and there is, as yet, no nood e\ idence recorded in the literutux'e 
to help us solve it. 
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There are other recorded studieb of \’ision responses in ai.*ph 
following rotation of functional eyes. Some of the procedures of r ■ 
tion have been carried out in a similar manner and others by a n ' 
diiferent from what I have already described. Sperry, in 1943, gave a d 
tailed account of the effects on %dsion after the adult eye of Tritm 
viridescens was rotated 180^^ in situ^ preserving the original retina aiK 
optic nerv'e. Concerning abnormal swimming reactions, drifting he^ ^ 
and body movements, the reversed reactions to the mo\ing lure and th 
rotating drum, my observations corroborate his findings. To determine 
whether or not the regenerating optic nerve in a 180^ rotated eye w^ould 
connect with the brain in an orderly fashion to show the same abnonnai 
pattern of \lsion, Sperry (1943a) rotated eyes 180" in situ^ allowed them 
to heal in place, and then severed the optic nerv’e. In some, the cut ends 
of the nerve were twisted or crushed to increabe all chances for confu- 
Nion as the nerve fibers grew back to the chiasma and brain. In some 
cases, the blood supply to the retina was apparently not disturbed and 
the optic ner\’e must have regenerated without retinal degeneration ^uch 
as Stone and Chace (1941) found. From his description of the gross ap¬ 
pearance of some of the eyes and delay in return of \ision. the blood 
supply to the retina must have been severed along with the optic nerve^ 
in which case the retina was replaced after degeneration. In any event, 
all of his cases showed \ision completely reversed, as in the case "of those 
eyes %vhich, as I mentioned, were reimplanted upside down. 

Although one cannot transplant eyes of tadpoles or adult anurans 
successfully, because the retina will not regenerate (Stone, 1938 and 
1940), the optic nerve will regenerate when cut if the blood supply to 
the retina remains intact. However, Sperry (1944) was able to extend his 
types of operations to lan^al and adult anurans by rotating the eye in 
situ and then cutting the optic nerv'e. The same effects on the nsuo- 
motor responses occurred in these amphibians as had been noticed in 
the salamanders. 

Speny- also made another very interesting experiment. It is well known 
that, in ampliibians, all the optic nerve fibers from an eye pass to Uie 
contralateral side. By destroying the optic chiasma and directing the 
proximal stump of the optic nerve to the pathwny of the distal stump on 
the same side, Sperry (1945) forced the regenerating optic fibers in adult 
anurans to enter, on the ipsolateral side, the optic tectum with which it 
never had been and never is normally connected. Peculiar circus moi e- 
ments and mixed reverse reactions and rotating movements of the head 
and body, accompanied bv ocular nystagmus, resulted after vision re- 
tmmed. The animals made errors in spatial localization when striking 
at a ino\ing object or in trying to escape fi^om^an approachmg large ob¬ 
ject. Further study is needed to ndei^stand these interesting reactions. 

Our objective w’as to examine evidence dealing with the polarization 
o^'tlij functional quadrants of the retina. How’ever, I tliink it has become 
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obvious that the development of polarization within the optic tectum is 
a very intimate part of this general problem. To unravel it will be no 
small challenge to our ingenuity. 

Summary and Conclusions 

(1) Attention is called to the early polarization taking place in both 
the lens and the optic vesicle and to the interrelating influences being 
expressed between them at this time. 

(2) 180° rotation of many stages of embryonic eyes in Amblystoma 
punctatum demonstrated that functional polarization of the retina is 
taking place in the optic cup of embryos shortly after the first motor 
responses appear. 

(5) Function was also studied in the retinal quadrants as it was re¬ 
established in regenerated retinae of rotated, grafted eyes of adult sala¬ 
manders. In some cases, both the dorsoventral and nasotemporal (antero¬ 
posterior) axes were reversed (eyes reimplanted upside down). In others, 
one axis was reversed while the other remained normal (right and left 
eyes exchanged and properly rotated 180° on the one or the other axis). 

(4) Complete reversal of \isual perception occurred only in the rotated 
retinal quadrants, as exhibited by the \dsuomotor responses to a moving 
lure and to a rotating black and white striped drum. 

(5) The reversed vision is permanent and only restored to normal 
when the eye is rotated back to normal orientation. 
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THEORETICAL FOUNDATIONS OF 
DIRECTIVE PSYCHOTHERAPY 


By FREDERICK C. THORNE 

University of Vermont^ Burlington^ Vermont 

Clinical Psychology in the Pre-War Period 

I N the pre-war period, clinical psychology was in a state of extreme 
disorganization and indi\’idual uncoordinated effort. More than ever, 
clinical psychologists needed an approach to problems of diagnosis and 
therapy which was distinctively psychological and not merely a collect 
tion of second-hand theories borrowed from psychiatry, psychoanalysis 
and related disciplines. In the decades since ilorton Prince first stimu¬ 
lated the clinical interests of American psychologists, an integrated and 
original system of clinical psychology had failed to evolve. Texts in the 
fields of abnormal and clinical psychology were rather sterile and did not 
contain enough which was distinctively psychological to establish upon 
it a sound foundation for clinical practice apart from the contributions 
of psychiatry and psychoanalysis. It therefore seemed desirable to re¬ 
evaluate existing theory and to formulate a genuinely eclectic system 
which, though not original or completely new, would at least integrate 
the potential contributions of experimental psychology and particifiarly 
the psychology of learning. War-time needs accelerated a rerision and 
expansion of the concepts of directive therapy which had been enrisaged 
before the war. 

Non-Directive Methods, The decision quickly to publish a series of ar¬ 
ticles on directive therapy was precipitated by a peculiar situation which 
had developed in connection with the sudden recognition and popularity 
of the non-directive technique, as evolved by Rogers.** The impact of the 
new methods was felt in clinical psychology at a time when there was 
great war-time need for innovations which would fill the vacuum occa¬ 
sioned by the prerious failure of psychology to develop clinical appli¬ 
cations which were distinctively its own. As pointed out elsewhere,® 
Rogers is a very persuasive writer and his zealous enthusiasm caused the 
new methods to be accepted wholeheartedly and sometimes uncritically. 
There seemed to be a definite danger that the profession might abandon 
the hard-earned knowledge of the older directive methods in an im¬ 
pulsive adoption of the new. The danger seemed intensified by the 
opinions expressed by Rogers in his principal book,* to the effect that 
older directive methods were now outdated and discredited by the 
newer ‘‘^client-centered” approaches. It therefore seemed desirable to 
make an up-to-date reformulation of directive methods in order to 
effectively counterbalance too uncritical an acceptance of the non-direc¬ 
tive riewpoint. 
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In contrast with Rogers^’s non-directive therapy, which appears to rep¬ 
resent a rather rigid technical system and which has attracted a group 
of enthusiastic followers who have formed what almost might be con¬ 
sidered a new ‘‘^school'” of psychology, we do not believe that it is de¬ 
sirable or consistent with a genuine eclectic ^dewpoint to attempt to 
establish a complete school or system on the basis of the directiveness or 
non-directiveness of the methods used* In our opinion, directive psycho¬ 
therapy does not involve a new school or system but merely a more objec¬ 
tive evaluation of the methods and indications for utilizing direction in 
therapy. There appears to be definite value in objectively delineating the 
clinical relationsHp in a variety of situations, utilizing eclectically what¬ 
ever method is indicated in a specific situation. Recognizing that both 
directive and non-directive methods are valuable in specific situations, 
the eclectic \iewpoint denies the desirability of extremism in either di¬ 
rection. Ideally, a clinician should develop proficiency with all methods 
w'hich have any valid application to any situation which may be en¬ 
countered. 

Terminological Difficulties. The use of such terms as directive or non¬ 
directive to describe systems of therapy is probably unfortunate. As 
used by Rogers, ‘‘^non-directive therapy” refers to a specific and sharply 
delineated system in which extreme non-direction is the most significant 
characteristic. It is contended that non-directive therapy is a system 
complete in itself and mutually exclusive of the more orthodox directive 
methods. Anything less than complete non-directiveness is not considered 
compatible with being a genuine non-directive therapist. In practical 
usage, semantic difficulties have arisen from the attempt to apply an 
^^either-or” dichotomy to what is actually a continuum. Rarely is therapy 
either completely directive or non-directive, and there is a question 
whether genuine indication commonly exists for extremism in either 
direction. Most workers are in agreement that non-direction is very val¬ 
uable in certain situations but do not agree that it is the only and inen- 
table basis for sound therapy. 

Further misunderstandings have developed over the differences, if any, 
between the ^‘'passive*’’ methods developed in psychoanalysis and social 
case work and the allegedly new non-directive technique. Lowery^ and 
others have emphasized that the basic principles of non-direction were 
known and in common use before the work of Rogers, whose contribu¬ 
tion seems to have been in carrying them to further extremes than ever 
before. The principle of being ‘‘^client-centered” has received general ac¬ 
ceptance and is not the sole property of any school. Many of the criti¬ 
cisms leveled by Rogers'* against the older directive methods are quixotic 
in the sense that they deal with undesirable practices abandoned long 
before by competent therapists everywhere. 

In spite of semantic difficulties, the term ^‘‘directive psychotherapy” 
was chosen to emphasize that direction does have a legitimate place in 
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therapy at one end of a continuum of which non-directive methods stand 
at the opposite extreme. In our own personal practice, we attempt to be 
genuinely eclectic, utilizing whatever degree of directiveness seems indi¬ 
cated in each specific situation. 


The Nature of Clinical Science 

The most valid theoretical foundations for directive psychotherapy 
are derived from a survey of the historical development of clinical 
science. As pointed out elsewhere," clinical psychology has a medico- 
psychological heritage dating back at least to the founding of modem 
medicine by Hippocrates over 2,300 years ago. The pre-scientific era of 
medical psychology, in which mental disorders were recognized and 
treated with primitive religious devotions, has been traced back at least 
to 6000 B.c, in ancient Egypt.® The significance of these facts is that 
one must be familiar with the history of medical psychology in order to 
evaluate recent developments in the proper perspective. There has grad¬ 
ually accumulated a knowledge of mental disorder and its treatment 
which, at least as practiced by medical physicians, has been taught by 
word of mouth and precept rather than objectively in books. This state¬ 
ment is true of aU the medical specialties, i.e., many details of hospital 
or surgical practice are not to be found in any book but must be learned 
in actual experience. This observation is particularly true in the specialty 
of psychiatry, in which most of the textbooks discuss general theory and 
omit the details of actual practice. Thus, it happens that there are not 
yet available objectively oriented, detailed statements concerning what 
happens in modem directive therapy. Rogers has admirably objectified 
the formal technique of non-directive therapy, but, as yet, comparable 
studies are not available for the more complex techniques of directive 
methods. 

Methods of Clinical Sciejice. Clinical science utilizes the same tech¬ 
niques of description, classification, statistical analysis, and explanation 
as are standard in experimental laboratory science. Operating upon the 
theoretical foundation of a thoroughgoing materialism, clinical science 
attempts to discover the causal principles involved in disease and then 
to discover, by experimental methods, specific treatments for each path¬ 
ological condition. The fact that description and classification in clin¬ 
ical science have the additional objectives of diagnosis and therapy does 
not detract from their essential validity, since all steps in the process 
may be objectively quantified by the same methods of analysis as are ap¬ 
plicable to any other type of data. The essential identity of objective 
description and diagnosis is illustrated by the fact that, the more com¬ 
prehensive the description, the more complete the diagnosis. It should 
be clearly recognized that the foundations of modem clinical science rest 
upon adequate etiological studies which have the objective of describ- 
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ing, identifying, and diagnosing the causative factors of disease with¬ 
out which rational therapy is impossible. 

Diagnosis in Clinical Science. If it is accepted that valid diagnosis is 
the foundation of rational practice, it follows that some degree of di¬ 
rectiveness is present in every clinical relationship, since the clinician 
must conduct certain examinations to describe the status of the patient. 
Rogers^ has recently denied that diagnosis is either desirable or necessary 
as a foundation for non-directive therapy, on the grounds that even this 
amount of directiveness contradicts the basic principle of being ‘‘client- 
centered.” Such a ^^[ewpoint is in complete opposition to the accepted 
principles of modem clinical science, which state that valid diagnosis is 
fundamental to rational therapy. It would appear that even the most 
completely non-directive technique involves at least two diagnostic de¬ 
cisions, {a) that the etiological cause of the disorder involves emo¬ 
tional problems which are amenable to non-directive therapy, and (6) 
that the client has sufficient personality resources to resolve his own 
problems without directive support. It must be clearly recognized that 
“blind” or “shot-gun” treatments have long been discredited in modem 
clinical science even though they may be effective in many minor condi¬ 
tions in which any suggestive method would produce some alleviation of 
symptoms. The fact that it is possible to treat some relatively superficial 
conditions by non-directive methods and without adequate diagnostic 
studies does not necessarily prove that these methods are either scien¬ 
tific or valid in other more serious disorders. 

Objectives of Diagnosis. In modern clinical science, the objective of 
diagnosis involves more than identifying and naming a pathological syn¬ 
drome. Recognizing that the personality dynamics in each individual 
case are different, psychodiagnostics has moved beyond problems of 
classification to the more mature objective of completely describing the 
etiological factors causative of disorder. Among the objectives of psy¬ 
chodiagnostics are: 

(i) To demonstrate the etiological factors. 

{2) To differentiate between organic and functional disorders. 

(3) To discover the personality reaction of the organism to the dis¬ 
order. 

(4) To evaluate the degree of organic and functional disability. 

(5) To estimate the extensity or intensity of the morbid process in re¬ 
lation to actuarial data concerning type and severity. 

(6) To determine a prognosis or probable course. 

(7) To provide a rational basis for specific psychotherapy. 

(5) To provide a rational basis for discussing the case with patient 
and relatives. 

(9) To provide a scientific basis for classification and statistical anal¬ 
ysis of data. 

{10) To formulate a dynamic hypothesis concerning the nature of the 
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pathological process, and the mechanisms whereby therapeutic effects 
are explained. 

Accumulated experience with problems of diagnosis in medical science 
has resulted in the discovery of a number of basic principles for diag¬ 
nosis which are presented elsewhere.'^ Until such time as orthodox meth¬ 
ods of clinical practice as developed in clinical science in general are 
proven to be invalid for clinical psychology, it is our opinion that the 
clinician has a responsibility for carrying out comprehensive diagnostic 
studies involving whatever degree of directiveness may be necessary to 
obtain the desired facts. 

Physician-Patient Relatioyiships. A distinctive psychosocial relation¬ 
ship holds in all the healing arts in that here is a situation where one 
individual expects and demands that another indi\ddual shall be more 
intelligent and have more training and experience. The patient seeks 
the help of the physician because he has problems which he is unable to 
solve with his own resources, he turns to someone who is presumably 
more capable of achieving a solution. This dominance-submission rela¬ 
tionship is present whether the therapy is directive or non-directive. 
Even with the most extreme non-direction, the patient is submissive in 
that he seeks treatment from another who presumably dominates the 
situation even though his method requires that as much responsibility 
as possible be turned back to the patient. The insistence that non-direc¬ 
tive therapy be completely ^^client-centered’*’ does not alter the fact that 
the therapist determines what is done and must therefore accept respon¬ 
sibility for the results. 

In our opinion, the critical factor in determining whether therapy 
should be directive or non-directive relates to the decision as to whether 
the principle of homeostasis can be depended upon to produce a solu¬ 
tion of the client’s problems. Rogers^ emphasizes that non-directive 
therapy seeks to provide a situation in which the potential personality 
resources of the client are utilized to the utmost in achie\dng a solution. 
Such an assumption may be tenable with minor personality disorders in 
which the client retains relatively good personality integration and is 
well enough to regulate himself without direction from without. In more 
serious personality disorders, however, the client may not possess the 
resources to achieve adjustment through normal homeostatic processes. 
In such cases, it is the duty and responsibility of the clinician to use such 
directive methods as may be necessary to supplement the client’s re¬ 
sources. 

Sutich® and others have somewhat confused the basic issues by identi- 
f^ng the non-directive method with so-called democratic principles. It 
is contended that the coimselor has no right to undemocratically inter¬ 
fere with the personal integrity and rights of the client. In our opinion, 
this viewpoint is illogical and irrelevant since it ignores the basic fact 
that, the more mentally disordered a person, the more irresponsible he 
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is, and the greater the necessity for regulation by some external agency 
until such time as the client regains mental health and resumes self¬ 
regulation. One of the basic principles of psychoanalysis and other 
forms of psychotherapy is that treatment is not complete until the pa¬ 
tient has been returned to independent living. Clinical practice must be 
conducted upon the ethical principles of the profession rather than upon 
ideological systems of political origin. 

Legal Responsibilities, Although the matter has not yet come to legal 
test in the field of clinical psychology because of the relative youth of 
the specialty, it seems to follow that, as a practitioner of a healing art, 
the clinical psychologist must be held legally responsible for the ethical 
and competent practice of his profession according to the accepted 
standards of time and place. The principles of malpractice in the longer 
established healing arts are now well set up and are probably applicable 
to clinical psychology without any basic modification. Having once been 
approached by a patient for consultation, and ha\’ing accepted the rela¬ 
tionship by entering upon consultation, the physician assumes legal 
responsibility for his actions and is liable to be sued for malpractice in 
the event that he is proven to be either civilly or criminally negligent. 
Errors of omission or commission caused by failure to observe ethical 
principles or to apply accepted methods of treatment make the phy¬ 
sician legally responsible for results caused by such malpractice. 

The nature of this legal responsibility probably implies that the phy¬ 
sician shall be sufficientiy directive to comply with requirements of ac¬ 
cepted practice. There are many clinical situations in which the client 
must be protected fi*om the consequences of his own actions, e,g,, when 
he has suicidal impulses. There are many other clinical situations in 
which the client does not have sufficient resources to solve his problem 
and must depend upon external support. Accepting the general premise 
that non-directiveness is the method of choice where there is high prob¬ 
ability that it will be effective, there are a wide variety of clinical situa¬ 
tions in which some degree of directiveness is indicated to protect the 
best interests of the client. From a legal viewpoint, it is assumed that 
the physician exerts directive control over the clinical relationship at all 
times unless it can be demonstrated that the patient voluntarily refused 
to cooperate or otherwise prevented a satisfactory outcome. 

Part of the legal responsibility of the physician is concerned mth the 
establishment of a valid diagnosis in order to discover or rule out the 
existence of malignant pathological processes which might seriously 
injure the physical or mental welfare of the patient. It is the physician'^s 
responsibility to search actively for pathological processes which, if un¬ 
discovered, might constitute a basis for the charge of malpractice. Par¬ 
ticularly with clients who have seriously diminished personality re¬ 
sources and integration, it does not appear that non-directive methods 
can be depended upon to effect a diagnosis and adequate treatment. 
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Therapeutic Considerations 

Although therapeutic practice will probably never become as scientif¬ 
ically objectified as is possible in the field of diagnosis, the accumulated 
experience of clinical science has as valid an application in therapy as in 
diagnosis. Defining therapy as including all types of formal case han¬ 
dling derived from scientific evaluation of the indhidual case by com¬ 
petent personnel, rational therapy (whether directive or non-directive) 
should proceed logically jGrom etiological studies, clinical examinations, 
and laboratory studies from which a diagnostic formulation results. 
Depending upon therapeutic indications, methods of case handling may 
range from the most superficial contacts, as in counseling, to the most 
intensive depth therapy, as in psychoanalysis. 

Modem therapy should be based upon a rigid adherence to material¬ 
istic concepts of disease.^ It is necessary to have a thorough knowledge 
of gross and microscopic pathology, pathological physiology, and psy¬ 
chopathology in order to comprehend the etiology of the disorders of 
the total organism. Therapy which is not founded upon the most com¬ 
prehensive possible understanding of psychopathology cannot be con¬ 
sidered to be thoroughly modem and scientific. It is difficult to compre¬ 
hend how therapy can fulfil the basic requirements of being (a) oriented 
on the basis of adequate diagnostic studies, (i) directed toward the cor¬ 
rection of etiologic factors, and (c) executed on the basis of a detailed 
knowledge of the limitations of methods unless the therapist assumes 
responsibility for directing the basic outlines of treatment. Rogers** in¬ 
sistence (®, p. 421) that diagnosis may be dispensed with and full respon¬ 
sibility for the conduct of treatment be placed upon the client is not 
consistent with the accumulated experience of almost aU other clinical 
sciences. 

Eclecticism in Therapy, Never in the history of clinical science has 
there been discovered a universal panacea, or method to end all meth¬ 
ods, which is applicable to aU types of morbid conditions. A study of 
the history of clinical science mil reveal that the initial enthusiasm 
which greets all genuinely valuable new discoveries is followed by a 
period of more sober evaluation in which the indications and limitations 
of the new method are gradually determined. Thus, the sulfonamides and 
penicillin were originally believed to have been much more miraculous 
than later proved true. These comments also appear to apply to non¬ 
directive therapy, which is valuable but not the panacea which some 
have considered it to be. 

The principle of eclecticism is the keynote of modem clinical science. 
To be eclectic is not to identify one**s practice with the theories of any 
one system or ^‘‘schooP*’ of thought. In our opinion, both directive and 
non-directive methods are valuable when utilized according to a com¬ 
prehensive knowledge of their indications and contra-indications re¬ 
lated to the needs of each specific case. 
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Directive Psychotherapy, The following outline presents the basic 
pattern of directive psychotherapy in which the therapist, though client- 
centered, assumes responsibility for conducting all details of case han¬ 
dling according to the highest ethical and professional standards of time 
and place. 

1, Adequate diagnostic studies, involving 

a. Complete case history. 

b. Clinical examinations. 

c. Psychometric and projective studies. 

d. Laboratory procedures such as electroencephalography. 

2, Making a descriptive formulation of the psychodynamics of each individual case, in¬ 
cluding etiology, clinical status, personality resources, and prognosis. 

3, Outlining an individual plan of therapy with client-centered orientation which is 
specifically related to the needs of the individual case. 

4, Genuine eclecticism in therapeutically utilizing all the technical resources, either 
directive or non-directive, which are available at time and place. 

5, The principles of experimental science should be utilized wherever applicable at all 
levels of case handling, and particularly in etiological studies and psychodiagnosis. 

In our opinion, this outline of directive psychotherapy is consistent 
with the historical evolution of clinical science in general and medical 
psychology in particular. It combines the best characteristics of experi- 
mentalism and modern clinical science. 
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SOME DYNAMIC ASPECTS OF 
NPN-DIRECTIVE THEBAPY 
By ARTHU?, W. combs 

School of Education^ Syracuse Unhersity^ Syracuse, New York 

A LTHOUGH it is only five years since the publication of Dr. Rogers^-* 
-/x book. Counseling mid Psychotherapy^ non-directive therapy has 
captured the attention and imagination of psychologists in a way that 
has seldom been accorded such an innovation before. At the present 
moment, it has become a lively and controversial issue in the psychologi¬ 
cal literature. This vigorous growth and development has been accom¬ 
panied by ine^dtable changes in both theory and practice as new elements 
have been discovered and fitted into place. 

Non-directive therapy originally grew out of the experience of many 
workers dealing with human adjustment and became established as a 
technique for the very concrete reason that it worked. Faced with the 
necessity for dealing with clients in everyday work, it is not surprising 
that the earliest efforts of non-directive therapists should have been 
turned to the improvement of their techniques and exploring its uses. 
As a result, the past five years have led us to consistent and well-estab¬ 
lished basic techniques for non-directive therapy although we are by no 
means so clear as to why and how these methods operate. We are finding 
out, however, and some of the dynamic and theoretical bases of non¬ 
directive therapy are pro\ing to be no less exciting and far-reaching 
than the results of therapy itself. It is the purpose of this paper to dis¬ 
cuss very briefly some of these current approaches to theory and prac¬ 
tice. 

The Operation of Need in Therapy, Non-directive therapy is based 
upon the fundamental principle that the client not only can^ but will^ 
move toward better adjustment when dn adequate situation is provided 
which frees him to do so. Actually, the concept that the indmdual not only 
can, but will, move toward better adjustment is fundamental to therapy 
of any sort. What distinctly characterizes non-directive therapy in this 
connection is that it not only recognizes the existence of this drive, but 
consciously attempts to utilize it for therapeutic purposes. 

Non-directive therapists, in discussing their philosophies and tech¬ 
niques, have repeatedly spoken of "*’the drive of the individual toward 
gro'vvth, health, and adjustment,'*'* After the wealth of cases which have 
now been published, something approaching this drive can certainly be 
called characteristic of the process. It may even be observed in many 
cases that the client moves toward a healthy condition even though such 
movement may be accompanied by the most extreme distress for him¬ 
self. 
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Time after time, in the protocols of counseling, the client’s own state¬ 
ments reveal his feeling that something approaching this drive is operat¬ 
ing within him. For example, one client says at the moment of blackest 
despair in her counseling: 

“Fve made a bit of progress here. Fll make more as time goes on, Fm sure. You know, I 
think sometimes just to get it out of my system will help.” 

At the very end of the same interview, the client makes this remark¬ 
able statement; 

“Well, the worst is out—next week we can start reconstructing!” 

From the wealth of evidence already accumulated, there can be no 
doubt that non-directive therapy is often extremely, even dramatically, 
successful in aiding its clients in a wide variety of problems. When one 
considers that, in this type of therapy, the counselor has remained 
"^non-directive” and has carefully refrained from the slightest hint of 
coercion or suggestion, it is not possible for such changes to have been 
brought about by the counselor. We must presume, therefore, that 
whatever this motivating force, it has its origin within the organism it¬ 
self. This is consistent with much of our modem thinking about the 
nature of the organism. In biology, the drive to maintain self-organiza- 
tion has long been recognized and is described as fundamental to all liv¬ 
ing things, in the principle of ""homeostasis.” The very science of medi¬ 
cine has been built upon the concept that the organism can and will re¬ 
turn to a state of health if the blocks to its recovery are removed. In 
riew of our present knowledge of the unitary character of the organism, 
it would be extremely queer if this function were not true in psychologi¬ 
cal realms as well. We are by no means lacking in evidence that the same 
function does occur in the realm of psychological processes, for it is a 
weU-known observation that many of our mental patients get well with¬ 
out outside assistance and even, sometimes, in spite of assistance. We 
might describe this need, as it operates in psychology, as a need to main¬ 
tain or enhance the individual’s personal organization. 

One might raise the question at this point that, if the client has a 
drive toward health, if he can and will move toward adjustment, why is 
therapy ever necessary? The answer seems to be that sometimes the 
organism’s need to maintain or enhance its personal organization is 
blocked by forces preventing its maximum fulfilment. Such blocks may 
arise, externally, in the individual’s environment, or, internally, 'vvithin 
the individual himself.* In either case it is likely to result in conftision 
and failure of accurate perception. This, in turn, results in random be¬ 
havior, or what has been called ""escape beharior,” offering only a tem¬ 
porary solution to the individual’s problems, and, more often than not, 
even complicating them further. By giving the client temporary relief 
and making it possible to protect his organization for a time, ""escape 

* It will be recognized that this is true in medicine as well* wherein disease* defined in its broadest 
sense* is a state in which normal bodily processes are obstructed by either external or internal attacks 
upon the organism’s organization. 
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belia\"iors’’ block more adequate perception in terms of which a more 
permanent solution might be achieved. Thus, confusion and distortion 
of perception play a large part in the production of the individuaPs 
maladjustment. Being unable to differentiate his situation clearly, the 
client may be imable to find an adequate solution and so continue his 
maladjustment indefinitely. 

But another factor enters the situation which further prevents the 
free activity of the drive about which we have spoken. This is the effect 
of threat upon the indmdual and his self-organization. In addition to 
the confusion and failure of adequate perception in maladjustment, it 
will be recognized that one of the most commonly described character¬ 
istics of maladjustment, and particularly of neurosis, is the feeling of 
fear expressed in one form or another by the subject. Oftentimes, the 
object of fear is vague and undifferentiated. Such feelings of threat are 
characteristic of situations in which the individual is blocked from 
achieving the satisfaction of his fundamental need to maintain or en¬ 
hance his self-organization. 'WTiat is more, the closer such blocks come 
to affecting the organization of self, the greater the severity of the threat 
felt by the individual and the more active become his attempts to find 
a solution to his problem. Feelings of threat have unfortunate effects 
upon the client^’s ability to make a satisfactory adjustment. 

We have stated previously that the basic need of the organism is to 
maintain or enhance its personal organization. WTien this basic organi¬ 
zation is threatened, however, the organism has no choice but to defend 
the organization which exists, so that a movement toward a more ade¬ 
quate organization becomes impossible. Indeed, there is even danger 
that, if the threat is great enough, the client may be driven deeper into 
his present organization and his maladjustment made greater. This 
effect of threat has not been given much consideration in psychology 
although it is weU known to the layman and the advertising expert or 
salesman. It is common observation, for instance, that “nobody ever 
wins an argument,**’ and the quickest way to get a man excited is to 
threaten the things he holds most dear, usually himself. We may even 
hope that, some day, our diplomats will come to recognize this principle 
of human relationsWps. In our own science, we have long recognized the 
principle that “a^ession yields a^ession,” but too often we have 
given mere lip service to the idea and in applied psychology have often 
acted as though it never existed. 

We hav^e seen in this theoretical discussion that the individual can 
and will move toward improved self-organization, but that this is often 
prevented by the client’s own confusion or failure of adequate percep¬ 
tion and feelings of threat which hamper or preclude movement toward 
new self-organization. It would appear, if this analysis is correct, that if 
we can remove an individual from threat and assist him to differentiate 
his personal organization more clearly, he should be free to move toward 
a more adequate and satisfactory self-organization and hence to better 
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adjustment. This is precisely what non-directive therapy attempts to 
do. It consciously creates a relationship between therapist and client 
which scrupulously protects the client from threat, while, at the same 
time, encouraging and assisting him to a clearer and more accurate 
dififerentiation of his self-organization and its relationship to the world 
in which he moves. 

Elimination of Threat. In his counseling relationship with his client, 
the therapist attempts to eliminate threat by an attitude of sympathetic 
understanding and acceptance and a careful avoidance of any action 
which might be construed by the client as a \iolation of his integrity. 

In the early days of non-directive therapy, a great deal of stress was 
placed upon counselor techniques by means of which the individual was 
thought to be helped to his adjustment. Recently, however, there is a 
growing feeling among therapists using this approach that the atmos¬ 
phere of the counseling relationship is of even greater importance than 
techniques. By this atmosphere is not meant the physical surroundings 
or the prestige of the counselor, but a ^‘'permissive atmosphere**’ con¬ 
sciously created by the counselor in his relationship with the client. In 
the therapy session, the client finds himself in a situation characterized 
by warmth and responsiveness on the part of his counselor, free from 
pressure and coercion of any sort, and in which he may express himself 
in any way he pleases 'vvithin the very broad limits of the counseling re¬ 
lationship, which Rogers^ describes as follows: 

‘’Trom the client’s point of ^iew, while he may not be conscious of 
these elements at the outset, he does respond to the atmosphere of free¬ 
dom from all moral approval dr disapproval. He finds that he does not 
need his customary psychological defenses to justify his beha\dor. He 
finds neither blame nor over-sympathetic indulgence. He finds that the 
counselor gives him neither undue support nor unwelcome antagonism. 
Consequently, the client can, often for the first time in his life, be gen¬ 
uinely himself, dropping those defensive mechanisms and over-compen¬ 
sations which enable him to face the world in general.” 

As Rogers has suggested, the therapy situation is probably vastly 
different from any the client has ever before encountered. In daily life, 
the person who desires to teU others of his problems finds others aU too 
ready to tell him theirs. Even worse, he is likely to be subjected to at¬ 
tempts on the part of those around him to force change on him in some 
fashion or other. This does not occur in non-directive therapy, however, 
and the client usually recognizes and makes use of the opportunity pro¬ 
vided him. Note how the following clients express their understan^ng 
of this ‘‘‘“special” kind of atmosphere created in the therapeutic relation¬ 
ship. 

One client says: 

“When I’m talking to you, I just can’t lie to you. Why, I can’t even lie to m3rself. I 
don’t think I’ve ever been so honest with myself before.” 
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Another painfoUy shy young ■woman, extremely frightened by men, 
tells her male counselor: 

“In here I can talk to you. But if I were to meet you out in the hall you would be just 
another man to me and I couldn’t talk to you at all.” 

The same client writes two years after her experience in counseling; 

“My counseling evperience came at a time when my life was most disorg^ized. I went 
to ypjj as a last resort. It was distasteful to talk to anyone about my problems ^but the 
more I talked and the less you seemingly interfered, the better I felt and the more clearly 
I saw what the trouble was. Since that experience, my life has become more positive and 
creative. I have gradually placed more confidence in my own abilities and opinmns. I feel 
completely happy and organized most of the time. I feel at ease with people of both sexes 
and all ages and have no trouble in meeting or liking the hundreds of people I have come 
in contact with on this new job.” 

In such a sheltered atmosphere, protected from the necessity of self- 
defense, the client finds himself free to examine himself in any way he 
desires. He finds no blocks to free expression placed in his path, and can 
utilize the therapy session in his own way as his needs determine. 

It may be argued that no counselor worth his salt goes about threat¬ 
ening his clients. Experience has shown, however, that even the best- 
intentioned counselor cannot avoid threatening his chent when he uses 
directive technicjues. Even so simple an act as answering a knock at the 
door may be construed as threatening by the client, given the proper 
circumstances. This has actually happened in our experience. After an¬ 
swering the door and briefly directing the inquirer to another office 
down the hall, the counselor returned to his client. Note the feeling of 
threat implied in what the client said next: 

S.—“You know, I thought when you went to the door, you would tell me that’s all for 
today.” 

C.—“You thought I really wasn’t interested enough to go on today, is that iti” 

S.—“That’s right. I know it’s silly, but I find I am very sensitive to anything you say or 
do. I’m so afraid you don’t really want to help me, I’m afraid you might think the things I 
have to say are silly and I keep expecting you to tell me something that will upset me more, 
like the others I’ve been to—Oh! Don’t misunderstand me!—^I know by now that^you 
won’t, but I still get panicky inside when I think you might not want to help me. 

It must be recalled that it is the client who feels threatened and not 
the counselor. The threat to organization lies not only in the actions or 
words of the counselor but in the peculiar meanings of these behaviors 
to the client. \Miat is more, since these meanings exist "within the client, 
thev are not open to obsers’ation by the counselor but lie outside his con¬ 
trol. Frequentlv, the client may feel threatened without gi\’ingthe slight¬ 
est sign of this fact to the counselor. Most clients have learned, through 
long experience, how to keep their feelinp from being observ^ed, but 
even if they had not, it is too late to deal with the effect of threat after it 
has occurred and the client has reacted. Severe threats to the client may 
even in some cases be sufficient to prevent him from ever attempting to 
examine a particular line of thought once he feels this is inappropriate 
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or would be disapproved by bis counselor. To avoid such threats con¬ 
sistently is by no means easy, as many a beginning counselor has dis¬ 
covered. 

As we have suggested in a previous paper,^ protection of the client 
^‘■makes possible the pursuit of a question to its ultimate conclusion, a 
process greatly impeded by directive remarks.'*’ This freedom to examine 
and to pursue a line of thought to its ‘‘bitter end**’ makes insight pos¬ 
sible with greater speed than is otherwise practicable. As one cUent put 
it: “It’s like clearing away the brush that confuses the path.” Freed 
from the necessity of defense and able to carry out such “bitter end” 
analyses, it becomes possible for the client to explore his field of mean¬ 
ings in any way he desires and to arrive, eventually, at a clearer differ¬ 
entiation of his self-organization and his relationship to the world in 
which he operates. 

Aiding Differentiation, The second major function of non-directive 
therapy lies in assisting the client to more adequate differentiations. 
As we have seen, maladjusted clients characteristically are confused 
and have failed to differentiate clearly the various aspects of their self¬ 
organization and the environment in which they operate. Unable to 
differentiate clearly the various aspects of his field, the client in trouble 
finds himself anxious, worried, and vaguely afraid of something he cannot 
quite put his finger on. So long as this situation continues, a change in 
self-organization seems very unlikely. Indeed, it is likely to be very 
nearly impossible. 

To assist his client to make such differentiations, the non-directive 
counselor does two things: (i) he encourages his client to express himself 
freely and in any way he pleases; and (2) he assists him to examine his 
personal meanings through a technique known as “recognition and ac¬ 
ceptance of feeling.” From a theoretical point of view, we might just as 
well call this technique recognition and acceptance of personal meaning, 
for that is essentially what it is. Feelings, after all, are simply the client’s 
way of expressing the meaning of a situation for him. They express his 
personal reaction to the situation he is describing. 

Personal meanings are crucial in the client’s behavior, for we behave 
not in terms of events but in terms of the meanings of events for us. If 
Mrs. Jones, for example, feels that her husband is a brute and a heel, it 
makes little difference in her behavior whether he actually is or not. 
If she feels that way, it is enough. What is more, pointing out to Mrs. 
Jones that her husband is really not a brute but a very fine fellow will 
be of little help to her since this is not her opinion but the therapist’s, 
and may only serve to demonstrate that the therapist “just doesn’t un¬ 
derstand.” It wiU be recognized, too, that such a statement by the ther¬ 
apist constitutes a threat to Mrs, Jones and may force her to defend her 
position more tenaciously than ever. Telling the client is of little value 
if he cannot accept such information into his personal organization of 
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meanings. It is the personal meaning of facts which motivate behavior, 
not the facts themselves. 

It is the very fact that the indi^idual‘’s personal organization of mean¬ 
ings is inacceptable to others that classifies him as maladjusted. In ad¬ 
justment counseling, therefore, some reorganization of these personal 
meanings must occur if therapy is to be truly effective and if any change 
in beha\ior is to result. Thus, the counselor in non-directive therapy 
assists his client to explore his personal meanings by recognizing and 
accepting those meanings as they appear. This helps his client to ex¬ 
plore his personal organization of meanings further, helps to clarify 
them and holds them up for further examination. Under this kind of 
treatment, the client is able to make greater and greater differentiations 
in his meanings, resulting eventually in a new organization of personal 
meanings, as a result of which change in behavior becomes possible. The 
following excerpts fi:om a single inter\dew show this kind of change of 
personal meanings in progress. 

Mrs. Brown came to the counselor esda-emely upset over her family relationships and 
considering the possibility of a divorce from her husband whom she described as a com¬ 
pletely intolerable person. After spending some twenty minutes in a veritable tirade 
against her husband, she made this remark: 

“But you know, other people don’t see him this way. They think he is a grand fellow 
and a good father and all that, BUT” and at this point she launched again into a further 
broadside assault on her husband, his family and everything connected with him. WTien 
this had subsided, she said, musingly: 

“But he does remember my birthdays and things like that. You know, he has never for¬ 
gotten once.” This was followed by more to the effect that her husband was distinctly not 
all he might be. 

A few moments later, this feeling was expressed with a rather self-conscious giggle: 
“Golly! I’ve really been pretty hard on him, haven’t I? He really does have some good 
points, you know.” A few minutes later, Mrs. Brown says further, “You know, I’ve lived 
with that man for ten years now and he still doesn’t hang up his pants”—^then a long 
pause as she goes on to say, “But you know, I really think sometimes I kind of like it, 
looking after him,” and she closes the interview with this remarkable statement; 

“I guess the real trouble is with me. I’m beginning to think I need this more than he 
does.” 


By the use of the technique of recognition and acceptance of feeling 
the counselor aids his client to clearer and clearer differentiations of the 
meaning of things for him, while at the same time avoiding any threat 
to his client. By recognizing and stating these meanings clearly and 
sharply, he assists his client to further differentiations until, eventually, 
this process may arrive at those differentiations most troublesome or fear- 
producing for the client. Sooner or later, the client reaches this point in 
spite of himself. Once it has been reached, new adjustments become pos¬ 
sible. 

It may be argued that, if the emphasis of therapy should be upon the 
meaning of events to the client, then interpretation, questions, direc¬ 
tions, and the like should help to speed this process along. It would ap- 
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pear that, if the therapist can perceive these meanings and point them 
out to the client, the client‘‘s differentiations should occur more rapidly. 
Actually, such techniques may often be disastrous to the client’s prog¬ 
ress and may impede or even destroy the counseling relationship. Inter¬ 
pretations and information given when the client has not reached a 
stage of differentiation where he can accept such interpretations are not 
his personal meanings, but his counselor‘’s. As the counselor’s interpre¬ 
tations, they may even appear to the client as threatening and force him 
to defend his position not only against the world at large, but the coun¬ 
selor as well. This failure to accept information into his personal organi¬ 
zation is well illustrated by our own life situation wherein we often know 
what we ought to do but don’t do it. Until a concept has been accepted 
into our personal organization, it has little effect on our beha^dor. 

In the permissive atmosphere created by the non-directive counselor 
and aided by the therapist’s techniques of recognition and acceptance 
of the client’s personal meanings, the client is able to differentiate more 
and more clearly the various aspects of his personal organization. In 
this process, he is exploring and defining the relationship between him¬ 
self and the world in which he moves. As counseling progresses, he comes 
to differentiate more and more clearly the situation in which he is operat¬ 
ing, the source of the threats which he has felt, and finally is able to ar¬ 
rive at a new organization of personal meanings resulting in behavior 
less at odds with the society in which he must operate and infinitely 
more satisfactory to himself. 

A minister’s daughter had led an exemplary life for the benefit of her 
father and his congregation. When she was forced to live her own life in 
college, away from her family and community, she became deeply con¬ 
fused and upset, and finally came to a college counselor for help. Note, 
in the following excerpts from counseling, how she struggles with her 
concept of herself and her relationship to the world about her: 

“A couple of years ago I heard one of Dad’s sermons in which he said *a person has to 
like himsdf.’ From then on I took it for granted that I did like myself. I decided that I 
wouldn’t change for anything—^until this week when I began wondering if I really did. 
I decided I liked myself but I also despised myself.” 

“I’ve decided I’m a two-sided, two-faced person. I’ve always had to act one way al¬ 
though I felt another. I’ve always had to be something I’m not. I give appearances but, 
down under, I’m not that at all.” 

“I’m not sure what I’m like—I don’t know what I am. I’m a man without a country. 
What is myself? It’s funny how sure I was and now I’m not sure at all. I’m afhiid of every¬ 
thing at the moment, but I can’t find what it is I’m afraid of. I’m afraid to live like this 
for the rest of my life, but I’m even more scared as to what to do about it. I’m afraid even 
to think about it. The more I think, the more scared I get” 

“My problem is myself. What am I? I’m human, female, five feet seven, period. I want 
to be sure, but I’m not even sure of myself. Maybe I know what I am but I’m afraid of it. 
I’m in a panic about myself.” 

“I never felt I could be myself. I couldn’t because of father’s job. Now I know I must 
change myself, but what am I? I must know that” 

“Ji’a a battle between what I think I am and what I really am/'* 
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Another cKent, a mother who had been rejecting her children for 
several years, arrives at this differentiation in counseling: 

.S.—“IVe been struggling with this thing for weeks but I know now what it is. I’m 
ashamed of myself for not seeing it before and ashamed of myself because that’s what it 
has turned out to be.” 

C.—*‘The thing you have been afraid of is pretty clear to you now.” 

S.—“Yes, it is, but I can’t say I’m proud of it. All along I’ve been upset because of 
what other people’s children were like. My poor kids—^when I think of what I’ve done to 
them!” 

C.—“You feel pretty upset by what other people think.” 

S.—“That’s right. Always it’s been like that. I’m afraid I’ve been pretty selfish in all 
this.” 

The Reorganizatioti of Self in Therapy. It is interesting how little the 
re-evaluation of the self in non-directive therapy has been recognized. 
Some writers have even gone so far as to suggest that, until non-direc¬ 
tive therapy found ways of changing the self concept, it could not truly 
be considered a fundamental form of therapy. Actually, it is this very 
redefinition of the self which is the most striking and characteristic as¬ 
pect of the entire process. Raimy,® in his doctoral dissertation, has 
clearly demonstrated that shifts in the self concept do occur in non¬ 
directive therapy. 

With a clear differentiation of the relationship between self and the 
emironment about it and with clarification of the nature of the threat 
to its organization, the stage is set in non-directive counseling for a 
shift in the self concept. Indeed, such a shift in the concept of self be¬ 
comes not only possible but almost inevitable. The need of the organism 
to maintain or enhance its personal organization forces the client to a 
reorganization of self when it becomes clear that such a reorganization 
works to the enhancement of the organism involved. The effects of this 
in non-directive therapy are among the most exciting and fascinating 
aspects of the process. Since the indhuduaPs behavior is a function of 
the meanings he has given to himself and the world about him, we would 
expect that changes in the self concept would be accompanied by con¬ 
siderable change in the beha\dor of the client as well. This is exactly 
what occurs, in many cases, following non-directive therapy. 

One client says near the end of her counseling experience: 

S.—“There I was, sitting in the library reading. All of a sudden it hit me. It was the 
craziest thing—-just like that. I thought, ‘It’s stupid of me to go on like I am. I’m just not a 
brilliant person and that’s all.’ It was just all me—mentally! It was so funny. There I was— 
and I thought, ‘Here everybody else is adjusted to themselves and you’re trying to adjust 
to everyone else but yourself.’ ” 

C.—“You feel it’s necessary to accept yourself.” 

S.—“That’s right. I know I’ll never change from what I am. I was so excited, I couldn’t 
think last night. I thought —Suppose you had told me what to do?—Fm so glad you did- 
n^r 

Another client who illustrates this change in behavior was an ex¬ 
tremely masculine-appearing young woman who ob\dously prided her- 
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self on this characteristic. Raised in a family in which her brother got 
all the attention while she was forced to run errands for him, and with 
no one to play with but boys, the onset of puberty was deeply resented. 
When an attack of infantile paralysis left her further unable to compete 
with boys, she set out to prove that she could. She made herself proficient 
at all kinds of sports, but was never able to achieve an ability equal to 
a man’s. In college, when other girls were looking forward to marriage, 
she resented her figure and femininity. As she expressed it, ""I just can’t 
see the boys I go out with as potential husbands. Pals? Sure. Husbands? 
No!” She talked in a deep and husky voice, and \vould rather be seen dead 
than in anything but slacks and a shirt. In the next-to-last interview 
held with this young woman, she came to a different organization of her 
self concept and accepted her role as a woman. She states: 

“You know, Tve been trying this weak and helpless angle, and it works. Pm begin¬ 
ning to think I like it. VTiy shouldn’t I? After all—I am a woman. I can’t be like my 
brother, so I’ll be like me. I’ll just have to accept myself as small. I can’t do everything—I 
feel like being smooched with but I don’t have anyone to do it with. But that will fix itself. 
—I’m beginning to feel important!” 

Next time the counselor saw this woman he was honestly astounded 
at the transformation. He hardly recognized his client. She looked fem¬ 
inine from head to toe! Perhaps the best way of expressing this change 
may be obser\"ed in the client’s own statement: 

“I’m more feminine now than when I first came in. I feel more feminine and I guess I 
must act so, because lots of boys that never did before want to help me now. They even 
want to kiss me and carry my ski poles for me. John especially. I think he likes me better 
and I know I like him better too—I think I must be on the right track. I feel more com¬ 
fortable—^very comfortable—and—I like myself better too.” 

The Client-Ceniiered Nature of Non-Directive Therapy, One of the 
most frequently misunderstood aspects of non-directive therapy is the 
non-directive therapists’ use of the term ‘’^’client-centered.” Some writ- 
ers^*® have inferred that, since non-directive therapy claimed to be 
^‘‘client-centered,” by implication all others were not. This is a most 
unfortunate interpretation. Certainly, any counselor of whatever philos¬ 
ophy, if he is worthy of being called a counselor at all, is interested in his 
client’s welfare. The term ‘■‘’client-centered” as used in non-directive ther¬ 
apy, is not meant to apply so much to the counselor’s concern about his 
client’s welfare, as to the way in which the counselor attempts to see the 
client’s problem through the clienfs eyes. We have repeatedly stressed, 
in our discussion, the importance of the client’s own meanings of events. 
It is the counselor’s concentration on and attempts to imderstand these 
personal meanings that is meant by ^^client-centered.” For example, 
Rogers® states, ‘’^As time has gone by, we have come to put increasing 
stress upon the ‘‘client-centeredness’ of the relationship, because it is 
more effective the more completely the counselor concentrates upon 
trying to understand the client as the client seems to himself^'* (Italics 
as in the original.) 
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This counselor task of seeing the client and his relationship to the 
world about him as these appear to the client himself is no mean feat. 
It is one thing to understand this technique; it is a very different mat¬ 
ter to put it in practice. The beginning non-directive counselor is very 
likely to discover, early in his experience, that the seemingly simple non¬ 
directive principles become intricate and difficult when the attempt is 
made to put them to work. He soon discovers that what he knows is of 
far less importance than what he is. Indeed, much academic knowledge 
usually required of the psychologist is unnecessary for effective non¬ 
directive therapy. This idea has disturbed many critics of non-direc¬ 
tive counseling. They have been deeply concerned at what appears, at 
first glance, to be a renunciation of training. Actually, while it is true 
that many diagnostic and statistical skills are not essential, effective 
non-directive therapy requires of the skilful practitioner experience, 
sensitmty to people, understanding, self-discipline, and a personal 
growth and development by no means easy to arrive at. While academic 
training alone may contribute to understanding, it is no guarantee of an 
effective non-directive therapist. Knowledge of facts can be readily 
grasped by an intelligent student, but personal growth and self-dis¬ 
cipline can only be achieved by most of us through arduous experience. 

Recognition of the indi\Tidual and an absolute respect for his integrity 
is not just an idea in non-directive therapy. It is a working principle. 

Bibliography 

1. Combs, A, W. 1946. Basic aspects of non-directive therapy. Am. J. Orthopsy- 
chiat 16: 589-607. 

3. Hahjt, M. E., & W. E. Kendall. 1947. Some comments in defense of non non-direc¬ 
tive counseling. J. Consult. Psychol. 11: 74-81. 

3. Raimt, V. R. 1943. The Self-Concept as a Factor in Counseling and Personality 

Organization. (Doctoral dissertation.) Ohio State University. Columbus. 

4. Rogers, C. R. 1942, Counseling and Psychotherapy, Newer Concepts in Practice. 

Houghton Mifflin. Boston. 

5. Rogers, C. R. 1946. Significant aspects of client-centered therapy. Am. Psychol¬ 

ogist 1: 415-432. 

6. Wrenn, C. G. 1946. Client-centered counseling. Educ. Psychol. Meas. 6:439-444, 



THE THEORY AND PRACTICE OF 
GROUP PSYCHOTHERAPY 

By HELEN E. DURKIN 

Scarsdale^ New York 

J OHN Levy’s Relationship Therapy as we have crystallized, developed, 
and applied it to groups, is direct interpretative therapy. It is geared 
to go as deep as but no deeper than the patient’s n'eeds and capacities in¬ 
dicate. It is not meant to be palliative, nor to strengthen the patient’s 
repressions. 

In the course of a lifetime, people build up various defenses against 
certain unacceptable instinctual drives, such as hostility. When these 
defenses are not working well, they become anxious and develop neurotic 
symptoms (which are danger signals like any symptoms of a physical 
disease) or they experience general anxiety. This often brings them to 
the psychotherapist for help. In treatment, they make another attempt 
to keep away the unbearable drives. Their defenses become resistances^ 
and the therapist must dissolve them one by one until the basic drives 
can be reached, re-evaluated, and handled in a more mature way. This 
process will strengthen the patient’s ego and bring about a real char¬ 
acter change. 

The Relationship Therapy is a transference therapy, psychoanalyti- 
caUy oriented. Like any such therapy, it is based on the premise that, 
sooner or later, the patient will bring into his relationship with the 
therapist the full range of his emotions—his fears, resentments, demand¬ 
ingness, tenderness, and so on. He will express them in the characteristic 
attitudes and patterns which, under pressure of his early familial ex¬ 
periences, he has built up to defend his ego. For example, as a child, 
the patient may have been afraid to show his resentment to a tyranni¬ 
cal father. He may have discovered that one way to escape his dilemma 
and find temporary relief was to run away—physically or symboh'cally. 
He will do the same in the treatment situation as soon as resentment is 
aroused toward the therapist (as a person of authority). Unless the 
therapist is keenly alert to the first signs of approaching hostile feelings 
and brings them into the open, he is likely to lose this patient. 

Let us examine another similar but more complex example. I was 
working with a young man who had felt rejected by his mother, toward 
whom he had a strong attachment. His frustration filled him with rage, 
but he dared not be angry lest he lose the little he got from her. Both his 
erotic and his hostile feelings had caused him so much pain that he tried 
to avoid them. He had started psychotherapy twice and twice he had 
run away from his woman therapist as soon as he became aware of her 
as a woman. He left enraged notes behind accusing her of seducing him. 
It was a kind of triple defense. He projected his erotic feelings on to her, 
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thus getting rid of his anxiety about them. Then he converted his rage 
at expected frustration into righteous indignation at her bad behavior. 
Finally, he rid himself of the whole anxiety-producing situation by run¬ 
ning away. His people, however, insisted on treatment and he was sent 
back, this time to me. As I expected, he entered treatment easily, talked 
with apparent frankness and soon claimed improvement. When he ex¬ 
pressed inordinate gratitude, I said, ‘“You know, when you feel so grate¬ 
ful to me, you are apt to become very fond of me, and if this happens 
you are going to be pretty upset. You may even want to run away.**’ 
He denied it, but stammered and blushed furiously. I went on, "Ta- 
tients have all kinds of disturbing feelings toward their therapists. But 
it is different in treatment from outside, and you will find it is good to 
talk about these feelings here. This is the way I help people.’’ The boy 
managed to stay and, instead of running away, he eventually described 
how he would like to marry me. Again I warned him that, on finding 
that I have to be impersonal, he would be angry with me and want to 
leave. Again he was able to stick it out and I was soon listening to a 
description of how he would like to murder me—with an ice pick. Treat¬ 
ment scenes are seldom as dramatic as this, perhaps never in a group, 
but the principle is the same. 

As you can see, the pivot on which this therapy moves is the analysis 
of every implication of interpersonal attitudes as they near the thresh¬ 
old of consciousness (whether positive or negative). Trivial as these first 
evidences of irrational feelings may seem, they are the clues to the pa¬ 
tient’s ego defenses and, in treatment, these defenses become the resist¬ 
ances. Dissolving the resistance at the earliest possible moment speeds 
up treatment. 

Each patient has any number of such defensive patterns, and, as the 
therapist exposes one after another of them, the patient gradually comes 
face to face with the unbearable impulses which were originally behind 
them. Recognizing them in the controlled interpersonal setting helps 
him to become aware that they have little bearing on the immediate 
situation, and to discover their real meanings and sources. Once that 
has happened, he becomes free to relate himself to people in a more 
realistic way. 

Modification of the feelings of guilt derived from identification with 
a permissive therapist and the catharsis of dammed-up feeling are a 
part of therapeusis, but we feel that the greatest change in the patient 
comes from the gradual dawning of insight within himself as he is helped 
to recognize how inappropriate his neurotic attitudes are. He catches 
himself in the act, as it were. The essence of the treatment, therefore, 
is in the lining experience of the relationship. 

Since we see our patients only once or twice a week, we do not let 
them struggle alone with the anxiety they must experience as they be¬ 
come aware of their instinctual drives. \Ve help them to verbalize the 
anxiety-ridden feelings as these reach the threshold of awareness instead 
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of waiting until the patient is fully conscious of them. This requires skil¬ 
ful timing; for interpreting too soon will give him the insight which 
should come from within and will make an intellectual process of treat¬ 
ment. It may succeed only in strengthening his resistance. Waiting too 
long to interpret, on the other hand, will increase the patient’s anxiety 
between visits when the therapist is not available for help. It would also 
increase the length of treatment considerably. 

These are the principles of therapy, and they remain the same whether 
used with individuals or with groups, with adults or with children. In 
the group, the therapist finds himself handling many relationships at 
once; the feelings of the four or five women (or children) toward one 
another and toward himself. These start as surface reactions but gradu¬ 
ally develop into transferences. The same kinds of defenses and resist¬ 
ances display themselves as occur in individual treatment, and, if one 
uses a transference therapy like this one, much the same kind of treat¬ 
ment process takes place as in individual therapy. 

There are, in addition, many intra-group impacts of wliich the thera¬ 
pist must be constantly aware and which he must handle. Some women, 
for instance, express one kind of feeling or another more easily than 
others and act as catalytic agents for a time. Others mil take over, as it 
were, when other kinds of emotion come up. Although the patient-ther¬ 
apist transference may not become as intense as in individual therapy 
(sometimes it does), the subjective attitudes of the other patients serve 
rather quickly to bring into being what we might term secondary trans¬ 
ferences. 

For example, Mrs. B. may display attitudes that remind Mrs. A. of 
her mother or, for that matter, of her father. This may arouse tender or 
resentful feelings toward Mrs. B. which will be expressed in Mrs. A.’s 
usual patterns. The therapist must interpret such relationships just as 
he does when they apply to himself, and he must also handle the feelings 
of the recipient of such transferences. Among such feelings will almost 
certainly be sibling rivalry, for the group naturally tends to enhance 
this feeling, which comes out more quickly and reahsticaJly than in in¬ 
dividual treatment. If the therapist has a tendency to steer away from 
socially unacceptable feeling, the group will soon develop a sewing 
circle character. If he sits by, passively but permissively, some super¬ 
ego modification and some catharsis will occur. If he interprets skilfully, 
timing his comments so that the patients themselves become aware of 
their conflicts and anxieties, real character change is possible in the 
group, as in individual treatment. To reach this goal, the therapist en¬ 
courages all emotional expressions, how^ever socially unacceptable. He 
helps to bring them out by repeatedly bringing to light the undercur¬ 
rents of feelings as he senses them behind the factual productions of the 
patients. 

The nature of his comments, as w^eU as his timing, must be geared to 
the patients’ level, psychologically, educationally, and socially, so that 
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they can accept and assimilate what he says. If what he says is too 
strong for the patients'* weak egos (if he deals narcissistic blows), treat¬ 
ment 'Nvill be 'vitiated. It follows inevitably, then, that if the therapist’s 
own drives enter into his work beyond the point at w'hich he can rec¬ 
ognize and control them, he will create trouble instead of bringing re¬ 
lief. Supervision during training will control this possibility. There is 
another safeguard, however: such a therapist would soon find himself 
'without any patients—certainly without any groups. 

Perhaps the best way of illustrating the method is to try to show it in 
action by describing a particular group. In order to simplify this too 
ambitious undertaking, I shall try to follow some of the more illuminat¬ 
ing moments in the progress of a particular patient, Mrs. S., within her 
group, bringing in the others just enough to show the kind of interac¬ 
tion that takes place. 

The group I have chosen to discuss consisted of four women who met 
once weekly. They were mothers whose children were also in treatment 
at the New Rochelle Child Guidance Center. One patient is an attrac¬ 
tive woman of about thirty-four who came because her older child, a girl 
of seven, suffered from extreme shyness, enuresis, nail-biting, and gen¬ 
eral irritability. The mother is a neat, modestly dressed woman whose 
most noticeable characteristic was an almost constant artificial smile 
which gav^e her face a mask-Kke quality. 

On the day of our initial meeting, Mrs. S. was the first to arrive and 
immediately began to complain about her husband and his mother. She 
spoke stiffly and vrithout feeling, as if reciting a lesson. Her husband, 
she said, like his mother, never praised but often criticized her, espe¬ 
cially for being extravagant. She felt this was unfair because she had 
always had to be thrifty by necessity. Although her mother and her 
aunts had been hard up, they were always generous and did not stint 
with praise. In spite of her righteous indignation, however, she felt that, 
somehow or other, the whole thing was her fault anyway, perhaps because 
she was no good as a housekeeper or a mother and did not know how 
she could ever improve. Since we are, on the whole, passive during the 
first interview, my only comment was an attempt to help her feel I un¬ 
derstood the way she felt. I interpreted not the material, but the under¬ 
currents of feeling, saying only, ‘T get the impression you have been 
trying for a long time to keep your chin up.” She burst into tears, and 
spoke with less tension after that. 

When the other group members came in, Mrs. S. went right on ad¬ 
dressing herself to me alone for a minute. Then she apologized for tak¬ 
ing too much time. She was not ready yet for an interpretation of the 
sibling rivalry she revealed, nor of her need for approval. I waited for an 
occasion when it was so clear that she herself would see it. 

For the rest of the hour the women talked about their children’s be¬ 
havior, as they usually do before they have accepted the idea that they 
themselves are patients. Mrs. S. listened for the most part, but occa- 
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.sionally she gave an example of similar behavior—however, always choos¬ 
ing it from her own childhood. 

Since first interviews are usually revealing as a kind of forecast of 
things to come, it is a good idea to ask, ‘^\Vhat does this all add up to?” 

(i) Mrs. S.’s artificial, tense manner seemed to indicate that she was 
struggling to keep an overwhelming anxiety out of sight. 

(3) What she said seemed to imply, ‘T am a child, and I’ll be good 
and tell you what you want to know, but please be kind and approve 
of me.” 

(3) Her disturbance over being criticized made me guess that she used 
approval and praise to cover up some deep-seated anxiety and warned 
me that she would want praise from me, too, which would serve to build 
up her defenses; that she had come for treatment for that very purpose 
and that when it was not forthcoming she would feel criticized, rejected, 
angry, and anxious. 

(i) Her disregard of the other women at the beginning and her quick 
apology for it revealed her strong drive to keep the therapist (as a 
mother person) to herself and that one of the first things to handle, as 
often happens in a group, would be sibling rivalry. 

(5) Her use of examples from her own childhood confirmed the feeling 
that she still regarded herself as a child. WTiat had prevented her as¬ 
suming adult responsibilities would be left to find out. It might also 
shed light on the deep sense of inadequacy expressed in her inability to 
cope with household and parental duties. 

Since Mrs. S. had not been aggressive enough to keep the floor at the 
first meeting, I was not surprised when she came late the next time. We 
find it a useful rule to comment on such evidences of hidden feeling. I 
said, ‘T think it was a little harder for you to come this time.” She de¬ 
nied it, referring to the silly use of this interpretation in the social-work 
school she attended for a while. I did not press the point because we 
feel that arguing with a patient implies self-defense and might make 
her feel that aggression or resentment is not acceptable. She might, 
then, shut off future display of it, whereas we want her to feel free to 
express any feeling whatever. I said only, ‘‘‘^You must have been dis¬ 
appointed in the group last time because you had so much to say and 
so little chance to say it,” whereupon she answered, ‘‘Well, I did have a 
lot I wanted to talk about.” I knew aU the women would be experienc¬ 
ing rivalry at this time, so I said, looking around, “Natxirally, every one 
of you would prefer to be seeing me alone.” I could tell by their expres¬ 
sions I had hit home. I said this to relieve them of the need to hide this 
aggressive feeling, and so to pave the way for later, more explicit ex¬ 
pression and interpretation of sibling rivalry. The immediate result in 
the second interview was that, when Mrs. S. spoke again about her hus¬ 
band, she could include the other women instead of looking at me alone. 
Months later, when one of the women told how jealous her two boys and 
husband were of her ministrations, I compared it to their group situa- 
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tion. By this time, they had become aware of their rivalry and could see. 
it in this new sense. 

Mrs. S. was early for the third inter\iew and announced that she had 
made an inexcusable display of herself the week before, when she ^'blew 
up*"’ at me. I said that apparently she had felt criticized by me. She 
said, ‘■‘"I always felt criticized at school when they made that interpreta¬ 
tion,’’'* and she told us about a teacher who had told a girl to stay away 
altogether as long as she felt so resistant that she was always late. I said, 
Imve an idea you are afraid I might send you away too.'*'’ Mrs. S. 
nodded, her eyes filling with tears, as she told us how she had always felt 
on the Mnge of her family as a child—lonely and lost. She seemed freer 
now and dropped the stiff, artificial manner. When she talked about her 
husband and mother-in-law again, she gave vent to strong resentment. 

Apparently, she gained some relief from this tirade, for she soon re¬ 
ported that she was getting along much better with her husband. She 
had, for the first time, been able to confide in him her feelings about his 
mother and he had actually taken her part and had been much sweeter 
to her. She also made him see how she felt about treatment, to which he 
had been antagonistic. Such immediate results from the first six weeks 
or so of treatment are not at all rare, for the first layers of anxiety are 
lifted off. Sometimes the exigencies of the case lead us to terminate 
treatment at this time, but if the patient needs it, can profit by it, and 
we have time, we go on. 

Mrs. L., a thin, determined-looking woman, who expressed aggression 
under a usually pleasant, soft-spoken manner, was the woman in the 
group who had the greatest impact on the treatment of Mrs. S. She was 
of a lower socio-economic and educational level but had, at the begin¬ 
ning, much more self-confidence. She was typical of many of our group 
mothers who come only because we insist on it. She saw no relation be¬ 
tween her song’s anti-social behavior and herself, for had she not always 
‘’^beaten her brains out*” to teach him right from wrong? She said the 
school principal ^^had a nerve**** blaming her. Very soon she made the 
demand mothers of this kind always make for ad\fice about handling her 
son. I said I knew that she and some of the others would probably be 
disappointed because I do not give ad%’ice. Experience had shown that 
it was best not to if we were to get to the bottom of the trouble. We 
found that the children‘*s problems were usually related to the parents’ 
emotional difiiculties, so that the mothers would talk while I listened 
and together we would try to find the answers. 

Mrs. P., a third member of our group, had so far sat by quietly, say¬ 
ing nothing. She was an untidy, withdrawn woman with a blinking tic. 
She was a college -woman who, because of a deep sense of inadequacy, 
had married an uneducated man late in life. She was now at a complete 
loss as to how to cope with her two small boys. She was not really good 
group material but we had no other time for her and decided to risk it. 

Now, for the first time, she took part in the discussion, quoting from 
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books (she was a librarian) to give Mrs. L. the advice I had mthheld. I 
remarked that she seemed to agree with Mrs. L. in that I should give 
advice. She blushed and said ‘“Well, no, but,—I smiled in a friendly 
way and said that here everyone was entitled to her own opinion and 
that all mothers feel the same way at first. I realized I would have an¬ 
other set of intellectual defenses to cope with here and, furthermore, that 
Mrs. P. w^as the kind of patient with so little ego that I must go very 
slowly in tackling even her resistance. It is best to let such women sit 
quietly by until, from hearing the others express all sorts of emotions, 
they have gained suflicient reassurance to be able to touch on their own. 

I shall omit the fourth woman from the discussion because she had 
least impact on Mrs. S. and it is necessary to save space. 

Gradually, the women came to talk less and less about their children'’s 
behavior. (From then on, when they did revert to it, I would know that 
some new resistance was making itself felt.) They spoke more about their 
feelings toward them, their protectiveness, their feeling of responsibility 
and guilt and, in the end, their resentment and hostility toward them. 
Some groups are so emotionally mobile that they can even be helped to 
accept their death wishes in these first months of treatment. This group 
was far from ready for it. In some groups, where one or two members 
may go this far while the others would be shocked by it, the therapist 
must be especially careful to handle the feelings of both kinds of women. 

The therapist‘’s part in this group was to help them express these 
facets of their parent-child relationships freely, to show them the mean¬ 
ing of parental ambivalence and to help them see that they were not 
alone in their various predicaments. 

During this period, Mrs. S. was the chief catalytic agent, leading the 
other women gradually to more personal problems because of her em¬ 
phasis on her own childhood. Mrs. L. responded by telling of her child¬ 
hood experiences, too. She criticized her mother freely. In her charac¬ 
teristic way, she showed her sibling rivalry by aggressively taking the 
floor most of the hour. She complained of being snubbed and ignored by 
so-called friends for whom she tried to do too much. Gradually, she be¬ 
gan to see that she was not just the victim of their hostility but that she 
herself activated it by the chip on her shoulder. The same situation ap¬ 
peared to hold in her relationship with her son and, as a result, she began 
to treat him more tolerantly. 

Mrs. P. talked freely at this time, too, for she half lived in her child¬ 
hood fantasies anyway. Becoming aware of the meaning of some of them 
(her driving competition with her mother) seemed to bring her into 
somewhat closer touch with her daily life. 

Since the others gave Mrs. S. little chance to talk these days, another 
of her defensive patterns was high-lighted. She appeared to be listening 
sympathetically. When she finally got the floor she complained of one of 
her severe headaches. She thought it was because someone had called 
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her as she was hurrying to get to our meeting. It was the head of a com¬ 
mittee who told her a long story of woe in order to comdnce her that she 
should take over some onerous duties. Mrs. S. had listened with ap¬ 
parent sympathy, although she was angry. She took the job, but now 
felt overburdened and inadequate. I said I had an idea she was feeling 
the same way about the group lately when she sat for such long stretches 
listening with apparent interest to the other wonien‘*s troubles. I knew 
this must be frustrating to her. Mrs. S. laughed a little and said she had 
also been ha'vdng headaches after our meetings lately. I tried to get her 
to talk about these headaches, from which she had been suffering all 
her life. She started talking about them, but soon drifted off into a long 
story about how angry she became when her husband insisted on taking 
the whole family on endless drives and then expected dinner in a jifly 
after she got home. As a matter of fact, she said, she often had head¬ 
aches on Sunday. This demonstrated the feeling behind the headaches, 
and she laughed again as she put two and two together. Then she sud¬ 
denly recalled an illuminating childhood memory. When she was about 
nine years old, she used to go to an art class. The other children used to 
make many demands on the teacher whereas she sat in a comer not dar¬ 
ing to ask for help, although she could never draw as well as they. When 
she went home, she used to cry herself to sleep. I asked why she thought 
she had just recalled this. It was easy for her to see that she was doing 
something very similar here. 

From that point on, Mrs. S. became a little more aggressive in the 
group. Soon there were several signs that her hostihty toward her 
mother, of whom she had said only the most complimentary things so 
far, was mounting. She again became anxious and resistant, even though 
she had been somewhat prepared for the recognition of such feelings in 
herself by Mrs. L.’s open, bitter criticism of her mother. 

WTien her resistance had been broken through, Mrs. S. revealed a 
negative transference to Mrs. L., whose overprotection of her son re¬ 
minded her of her own mother’s attitude. At this time, the group was 
talking about how to teU children the facts of life. Mrs. L. revealed that 
she could not talk about it to her son; that she worried about whether 
he masturbated; sometimes she even spied on him. Mrs. S. looking an¬ 
gry and upset, I said, ^You seem to have some feelings about this, Mrs. 
S.” In a cold, intellectual way, she said that a child’s reaction to such 
handling could only be one of rebellion. I said, think you are feeling 
irritated at Mrs. L. for the way she treats Charles.” She broke through 
then and said angrily, ‘‘‘Yes, he’U never forgive her, you know,” to which 
I replied, ‘‘‘“This seems to be the way you feel too; I think she reminds 
you of your mother.” She burst out, ^‘That’s right. I’ll never forgive my 
mother. She always pretended that sex was all romance and then one 
day she called us children together and told us the "bestial side of sex’ 
all at once. She made it sound so gruesome I never have got over it. It 
just about spoiled the first part of my marriage”—and as usual she cried. 
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From then on, her mother came in for one bout of criticism after an¬ 
other, until she reached a climax when she was telling us about her 
mother's irritating ^'sweetness and light" attitude when she came to take 
care of her grandchildren. Grandma always sidetracked them when they 
were going to be aggressive, and Mrs. S. felt that was at the bottom of 
her little girl’s shyness and inability to be aggressive, just as it was at 
the bottom of her own inability to assert herself. Her voice rose in a 
crescendo as she burst out. ‘‘Tretending, pretending, that’s all my life 
has ever amounted to—no wonder I can’t manage my household, my 
children, or anything.’’ She began to cry bitterly. While she was work¬ 
ing through this hostility, her real relationship with her mother, who 
was \dsiting her, was very much disturbed. She had things out with her 
mother regularly. Her husband called me to ask what was going on, 
and I assured him that her reactions were an unavoidable part of treat 
ment, but I felt they would soon subside and she would find a better 
equilibrium as a result. Fortunately, it was not long before Mrs. S. re¬ 
ported that she was much better able to manage her children now and 
that her daughter was much more aggressive than she ever had been. 
The incidents she told seemed to show that Mrs. S. was asserting herself 
in a more adult way at home. The explanation seemed to me to be that 
as soon as she was able to face aggressive feelings toward her mother, 
the need to remain a child in order to suppress her feelings of hostile 
rivalry toward her was greatly reduced. She could be the mother to her 
own children now instead of being just another guilty child with them. 
She was also getting on better mth her mother-in-law, who no longer was 
the recipient of hostility meant for her mother. Her husband also ap¬ 
parently responded to her increased maturity, for she told us he had 
been so attentive she felt as if she were a bride again. 

By that time, most of the women had talked a lot about their resent¬ 
ment toward the various members of their family, but they had not yet 
been able to criticize me directly. As in all matters of aggression, Mrs. L. 
was the leader. One morning, when they were all resistant at once, the 
conversation turned toward teachers. Mrs. L. (to whom I had recently 
had to deny information about what her son had told his therapist) said, 
‘■‘■Teachers never tell you anything. When I want to know something, I 
ignore them and go straight to the principal,’’ and Mrs. S. chipped in, 
‘■T think they ought to learn some psychology.’’ (Note the appeal for my 
approval.) ‘■^They think they can handle all children the same way’’ 
(objection to group). Mrs. P. complained that, at school meetings, the 
teacher never seemed to notice her, so that she never had a chance to 
talk to her about her little boy. 

Enough material about their familial backgrounds had come out by 
this time so that I could easily show them all that this was exactly how 
they had felt about their mothers, persons in authority, and, more re¬ 
cently, about me. Each one, in her characteristic pattern, had presented 
a picture of her own irrational idea of my attitude toward her, I showed 
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them each the meaning of what they had been saying. Insight was stim¬ 
ulated because each woman could see so clearly that what I said about 
the others was true, and they all laughed. Because the whole group was 
expressing resentment toward me at once here, it was possible for each 
to accept such feelings in herself at this time (security from the gang). 

Following this episode, Mrs. S. expressed resentment to me more 
directly, but the persistent struggle of her need for approval over her 
emerging hostile feelings made treatment a slow, laborious process for 
her. The insight she gained was partial and frequently repressed again, 
as often happens. One episode threw into clear relief the way she used 
an appeal for approval as a means of defense against anxiety about 
hostile feelings. She was expressing resistance again one day, by talking 
about her dislike of doctors, when she stopped abruptly and asked me 
if fear could be repressed. I said, ‘‘‘Suppose you tell me what you mean.’** 
She told us about an operation she had undergone several years before. 
She had been calm beforehand and was often complimented by the day 
nurses. The night before the operation, however, she could not go to 
sleep, and one of the night nurses scolded her severely for it. Suddenly 
she became panicky and the next morning she insisted on calling up her 
doctor to ask him some questions. He told her abruptly that she was 
afraid. She referred to her calmness until this time. He answered harshly 
that she had only repressed her fears. She was angry, but helpless and 
more panicky than ever about the operation. She felt he had had no 
business making interpretations. As she talked about it I helped her see 
that she had been all right until someone had criticized her, as if being 
approved of (loved) had been a way of keeping down panic. I showed her, 
too, how the same pattern was working in the group. She had often tried 
to win my approval (this much had come out frequently and she had 
long since accepted it), and when I did not give it to her she became 
angry, panicky, and resistant. 

It was clear now why Mrs. S. had come to treatment. Ostensibly, it 
was to learn how to handle her affairs. \Vhat she wanted, unconsciously, 
was to get approval from an authority so that she could continue to 
suppress hostility and deeper fears. It is clear, too, that had the thera¬ 
pist given her ad\dce or praise he would have strengthened her defenses 
and made it harder, if not impossible, to work through the anxiety-laden 
drives that lay behind them. 

WTien she was a child, her family’s defensive generosity with money 
and praise had sensed to keep up her defenses, although they often wore 
thin and she had actually had a nervous breakdown at college. When 
she married, her husband and critical mother-in-law withheld both money 
and approval, and the defenses broke down. She was both angry and 
filled ^vith a deep sense of inadequacy.* 

When the same pattern had played itself out in treatment, the vicious 


• Her basic fears bad to do with castration anUety which had frequently been indicated, but which 
she had certainly not been ready to touch so far. 
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circle covJd be broken because the therapist neither played into her de¬ 
fensive patterns nor rejected her, but showed her the meaning of what 
she was feeling. 

WTiat had kept her in treatment so long in spite of the enormous 
struggle she had to undergo to face her hostility, was a deeply passive 
dependent drive. I was her last hope of help and she had to stick to it. 
(Had the therapist been punishing or masochistic, she could not have 
stayed.) Her passive trends had also been e\ident from the very begin¬ 
ning and, by this time, she had gained some understanding of them. 
But she could not experience the tender and erotic nature of the feelings 
connected with the dependent drive imtil she was released by the expres¬ 
sions of resentment in a situation which did not bring with it the rejec¬ 
tion or the retaliation she feared. I %vill not attempt to describe the 
slow steps by which she became aware of what she called ‘'Svanting to 
lean.**’ The incident in which she recognized the connection between 
this drive and her hostile feelings, however, is worth recording because, 
without it, it is not possible to understand how she came at last to 
grapple with stiU deeper layers of anxiety. 

Toward the end of our second year of work (about the 60th inter¬ 
view), when the others were complaining about their children again, 
Mrs. S. joined them, this time without any attempt to avoid my disap¬ 
proval (heretofore, she had always worked in some compliment to me, 
for safety). She implied that her little girl was worse now than when she 
had first brought her to the center (in spite of the fact that she had al¬ 
ready told us that the nail-biting and enuresis had stopped). I was glad 
to see that hostility to the therapist was stronger now than her need to 
side with the mother (myself) against the siblings as she used to do. Here 
we see a decrease in dependency. 

She denied my interpretation of her doubts about treatment, but the 
next week she came in feeling depressed. She was worried, she said, lest 
she and her husband would have to help support her aunts who were 
now trying to live on their pensions. Using a deadly monotone, she gave 
the minutest details about how these aunts had helped her out finan¬ 
cially, through college. Now she felt mean to begrudge them help. 

I had only to remind her that this tone of voice usually meant resist¬ 
ance, and she immediately spoke in a more heartfelt way. The youngest 
of these aunts was very important to her because she had been the only 
bright spot in Mrs. S.’s life the year her sister had been sick. The rest 
of the family’s attention had been concentrated entirely on the invalid, 
and only this aunt had paid any attention to Mrs. S. It was possible to 
show her how she was struggling here with guilty feelings about being 
hostile to someone she wanted to lean on. I showed her, too, how she 
was feeling just that way toward me at this time—needing my help and 
feeling guilty when she was angry or resistant so that she did not want 
to talk in the group. She indicated her growing insight by giving exam¬ 
ples of how this same interplay of feelings had often happened in her 
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relationship with her mother, although she had never before known 
what it was all about. 

The following week, Mrs. S. came in a warm friendly mood such as she 
had never shown before. She thanked me and said she was touched bv 
mv desire to help her. She spoke tenderly of her aunt who, she said, re¬ 
minded her of her father: they both loved church music. Even now she 
gets a thrill whenever she hears organ music. Soon this was her theme 
for the hour. It was the first time she had said much about her relation¬ 
ship with her father, and the first time that genuine tender, erotically 
tinged feeling came out. Aunt, father, therapist seemed to be equated 
here. 

Apparently, it had been even harder for Mrs. S. to express affection, 
which was choked off by such angry feelings that she feared rebuff and 
even retaliation. The praise her mother had offered her had merely cov¬ 
ered up basic rejection and preference for Mrs. S.'*s brother. Our patient 
had, therefore, found herself in constant need for an expression of love, 
or its substitute—approval. Never satisfied, she kept asking for more, 
repressing the hostility which she felt might cut her off altogether. Now, 
at last, she could express love and she looked much happier as a result. 

At the last visit before vacation, Mrs. S. expressed regret at leaving, 
but compared herself favorably to the year before, when she had been 
terrified of the summer vacation. She had an excellent summer and when 
she returned in the fall she seemed an entirely different patient, for she 
plunged with real feeling and spontaneity into some of her underlying 
confiicts. It was apparent that we were through the worst resistance. 
She tackled first her difficult, partially frigid sexual relationship with 
her husband, which heretofore she had declared was one thing with 
which she needed no help. Next, she came face to face with her inability 
to assume either a feminine or a masculine role (which was the real sig¬ 
nificance of her intellectual strmngs). Trying to compete with men made 
her feel hypocritical and ^^hoUow.” She always felt she might be found 
out at any moment. On the other hand, being a woman always made her 
feel dirty and castrated. Working out some of the hidden feelings and 
fantasies surrounding this basic conflict gave her enormous relief, mak¬ 
ing it possible for her to express franker sexual feelings toward her hus¬ 
band. She has been looking radiant of late and speaks of experiencing a 
new ^^joie de vivre''* entirely unknown to her. Her housekeeping is im¬ 
proving at last, and the family manages to have more fun when they are 
together. It seems clear that, by the end of the year, she will have worked 
out a much better relationship with her husband, for he seems to be 
responding to her own changed attitudes. 

In spite of the fact that I have selected only a few of the highlights of 
a long, tedious process, it seems clear that treatment is not a series of 
beautiful insights. It is more like putting together the tiny parts of a 
jig-saw puzzle. The fact that there are three other women to be dealt 
with makes the puzzle more complex and one is frequently distracted 
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from one by the others, but, on the other hand, they offer many clues 
and stimulation that would never occur in a two-way relationship. This 
therapy offers even the beginner a safe guide through what often seems 
a dense fog. If he concentrates on sensing and handling only the im¬ 
mediately underlying feelings that the patients are experiencing at any 
given time, he ^viU succeed in gradually building up a clear picture and 
hAlping his patients to richer personalities and fuller lives. 



PSYCHODBAMA AND GROUP 
PSYCHOTHERAPY 
By J. L. MORENO 

Psychodramatic Institute, Neu> York, X. Y. 


I N the last two centuries, three revolutions have taken place in the 
field of psychotherapy. Each was characterized by a specific change 
of operation. In each case, the new practice gradually compelled an 
overhauling of theory, but in each successive case the new method was 
broader in scope and, to a degree, included the previous form. 

The first, in the middle of the eighteenth century, is connected with 
the name of a Viennese physician, Mesmer. The operation, hypnosis^ 
consisted in putting the patient into a state of trance. Mesmer thought 
that the hypnotist is responsible for the state of the ‘‘‘’hypnotizand’” and 
developed a theory about animal magnetism according to which a fluid 
travels fi:om the physician to the subject. 

At the end of the nineteenth century, another Viennese, Freud, 
brought about a new revolution by discarding the hypnotic sleep as a 
means of treatment and establishing another form of operation. Patient 
and physician faced each other in full consciousness, the patient was 
told to tell the doctor whatever came to his mind. The physician expected 
to attain by this method, which he called psychoanalysis^ all the results 
which had been attained previously by means of hypnosis and many 
more things to which the hypnotized state of the patient closed the 
doors. The psychoanalytic method of operation brought Mesmer’s the¬ 
ory of animal magnetism and aU its intellectual modifications via Char¬ 
cot, Bemheim, and others into discard, and it was replaced by the well- 
known system of psychoanalytic theories. 

During the crucial years between 1900 and 1925 in which psycho¬ 
analytic theory and practice developed, there have been many widely dis¬ 
cussed differences between psychoanalytic schools. However, the con¬ 
flict between Freud, Jung and Adler was due to different views of anal¬ 
ysis and interpretation, and there was no conflict between them as to 
operation. The Freudians emphasized libido and its cathexis as chief de¬ 
terminant of human behavior, while Adler preferred inferiority organs 
and inferiority feelings as the core of his analysis, and for Jung it was 
the collective xmconscious and the extrovert-introvert types of person¬ 
ality which seemed to matter. But if we could have entered the office of a 
Freudian, an Adlerian or a Jungian between 1910-1930, the operation 
would have been about the same: a physician and a patient alone, in a 
doctor’s office strictly private and sealed from observ^ers. There were 
slight modifications: in one case a patient relaxing on a couch, in an¬ 
other case facing him, the patient sitting in front of the doctor, in still 
another case the procedure being more informal and the duration of the 
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treatment shorter. But in all cases the patient would have been found 
talking freely about himself and the physician gimg an analysis of the 
material elicited. However great the contrast may have been in the ways 
of interpretation and in its depths, there was no difference in operation. 

In our own time, in the last twenty-five years, a new revolution took 
place when the first therapeutic theatre was started in Vienna. It was 
again due to a radical change of operation. The method has become 
known as psychodrama, sociodrama, role playing, and action taking. 
The patient is now an actor on the stage, acting before a smaMer or larger 
atdience of other patients. The physician-patient relation has become 
subsidiary. Again, we are in the midst of an overhauling of theory. With 
the new operation, new concepts and theories are emerging. It consists 
of two procedures: (a) treatment of the audience (group psychotherapy); 
(J) representatives of the group portray on the stage the problem from 
which the audience ails (action therapy). The group is facing the mirror 
of itself (in many versions) on the stage. It looks into this mirror and 
sees itself. The responses coming from the shock to the audio egos (mem¬ 
bers of the audience) and to the auxiliary egos (actors on the stage) are 
systematically followed up. 



DISCUSSION ON GROUP THERAPY 

Dr. S. R. Slavson {New York, N, Y.): 

D r. Durkin’s paper* demonstrates the very significant fact that 
group psychotherapy is not different in any essential respects from 
individual treatment. We have seen in her paper how the focus of ther¬ 
apy is the individual patient and that the group is used only as a tool 
in treatment, rather than being its center. 

Group psychotherapy must be considered as only one form of psy¬ 
chological therapy and is an integral part of it. It bases itself upon the 
same understandings and employs precisely the same dynamics as does 
individual therapy. However, the presence of more than one patient 
and the interstimulation that occurs as a result of this, aid or retard 
the therapeutic process for each in accordance with the situation. As 
individual psychotherapy, group psychotherapy is also based upon five 
dynamics; (i) relationship, (2) catharsis, (3) insight or ego-strengthen¬ 
ing, (of) reality testing, and sublimation. 

Relationship and transference are too well accepted and understood 
to need elaboration here. Catharsis as it appears in group therapy, how¬ 
ever, is somewhat different. Verbal catharsis is employed in interview 
group therapy, while activity catharsis prevails in activity groups. Chil¬ 
dren of pre-school and school age can express their feelings and attitudes 
through action more freely and appropriately than through discussion. 
While insight in group psychotherapy is not as profound and deep as in 
psychoanalysis, the aim is to help each patient in the group to gain some 
understanding of his motivations and behavior in terms of unconscious 
conflicts and strivings, as well as in the light of his emotional history. 
This latter fact has been particularly well demonstrated in Dr. Durkin’s 
paper. 

In our own work with activity groups, we found that even in such 
groups where no discussions are held or interpretations given, children 
become aware of their ovm changes in attitude and alterations in feeling 
tones. Frequently they verbalize tliis, although most often it remains un 
formulated in words. This understanding is evidenced in many ways even 
when it is not verbalized, and has been described as derivative insight. 

Reality testing is the fourth dynamic operativ^e in all psychotherapy. 
In fact, in some respects, this is the greatest contribution of group ther- 
apy to the therapeutic process. Each individual tests himself against 
reality in everyday pursuits and contacts, and patients meet the pres¬ 
sures of the milieu in various ways. They observe how adequately they 
deal with reality and how much they are hurt by it. In accordance vrith 
his basic problem, the patient may become latently hostile, overtly ag¬ 
gressive, or he may withdraw. As he finds himself adequate or wanting, 

* See pages 889-901 of this monograph. 
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he returns to the therapeutic situation to examine himself or gain sup¬ 
port from the therapist. To give this support is an important function 
of the therapist, whether in individual or group treatment. 

The group is a more tangible reality than is the individual inter\dew. 
Hei*e are persons who also have problems, and the best results are ob¬ 
tained where the psychologic syndrome (though not necessarily the 
symptom) is similar in all the members of the group. There ai’e present 
hostilities, rivalries, jealousies, antagonistic and ego cra\dngs, mutual- 
istic support. The patient finds himself in a realistic situation and can 
test himself within the therapeutic situation itself. Thus, therapy and 
reality are fused into one. Although this unitary relation is not essential 
to obtain results in therapy, it accelerates the process greatly. There are 
patients to whom this confluence of therapy and reality is helpful, if not 
essential. The very important point to be borne in mind, however, is 
that group therapy is in essential respects the same as indmdual psy¬ 
chotherapy and that it is based upon the same concepts and dynamics. 

In group therapy, transference (relationship) is greatly modified 
through the network of emotions in the group. In addition to the atti¬ 
tudes toward the therapist, there also exist sibling relations and various 
identifications. Thus, the transference is diluted. Catharsis emanates not 
only from the transference relation but it is also stimulated by the other 
patients, and by the fact that anxiety is less intense in a group. 

One point needs to be stressed and this is the factor of ego-strengthen¬ 
ing. While ego-strengthening does occur in all therapy, it is the very 
foundation of activity groups. The child brings his impulses under con¬ 
trol through the pressures of the group and through the fact that he 
gains status and acceptance. To the child, whose character is not fully 
formed and set, experience takes the place of insight. We found that in¬ 
sight for the young child is not as important as are release and strength¬ 
ening of his ego. 

Another dynamic that helps the therapeutic process in a group is 
target multiplicity. The therapist is not the only one who receives the 
hostility and love of the patients. Feelings are displaced on or redirected 
to other members of the group. In acti^uty groups, the child destroys 
objects in the room or he attacks other children to displace hostihty 
toward the therapist. In interview groups, destructive attitudes and 
emotions are redirected toward other members of the group.* 

Another important dynamic that is present in therapy groups as de¬ 
scribed by Dr. Durkin can be termed as cathejcis displacement. This is 
the dynamic in which emotional ties are established with the therapist, 
other members of the group, or the group as a whole. The outcome of 
this process is that the patient becomes more emotionally free as his 
earlier ties are disengaged from their infantile anchorings. 

Since each patient feels that his problem is not peculiar to himself and 


• See Slavson, S. R. Differential dynamics of interview and activity group therapy. Am. J. Ortho- 
psychiat. April, 1947. 



906 Annals: New York Academy of Sciences 

that others are in the same situation as he, his deflated self-evaluation 
is repaired and his ego strengthened as a result. He is thus able to deal 
with himself and the world around him more effectively. This we ha\e 
described as the process of unvoersalization. 

Dr. Moreno’s contribution to the field of psychodrama need not be re¬ 
emphasized here.* Its value for specific patients has been amply dem¬ 
onstrated and many of his formulations have now been incorporated in 
the general psychiatric literature. It will be of great interest to examine 
farther the nature of the relationships in the psychodramatic situation 
in terms of group dynamics, which I hope will be imdertaken in the near 
future. This should prove a very fruitful field. 


♦ C/. pages 902-908 of this monograph. 



WHAT DID THE CLINICAL PSYCHOLOGIST 
LEARN FROM THE WAR? 

By max L. HUrr 

Teachers College^ Columbia University^ New York, K Y* 

I F we attempt to answer the question contained in the title in terms of 
the evolution of entirely new techniques of measurement or in terms 
of startlingly new concepts of personality or mental disease, we shall 
find that our search for such developments is a vain one, for, by and 
large, so far as the writer knows, no great discoveries in clinical psy¬ 
chology were uncovered during the war. Nevertheless, the many psy¬ 
chologists from aU of the branches of military service with whom the 
^v^iter has talked, and the many clinical psychologists with whom he was 
privileged to work in the army, would all agree that a great deal was 
learned. Nor would they be content with an assertion that the result of 
this learning process was indefinable, for there were many specific and 
concrete gains. The diflBiculty in specifying these gains is that some of 
them were gains in a negative sense, and another is that the gains were 
not always in terms of tests and devices but rather in techniques and 
approaches. In fact, one can sum up our war experience with two com¬ 
plementary, although apparently contradictory statements. The first is 
the humbling conclusion that the scope of our ignorance in the field of 
clinical psychology is still appallingly vast. The other is that, as the 
result of the pressing needs of the military situation and of an imprece- 
dented array of clinical data, many important, if not epochal, advances 
were made in technique and some in theory. 

If our previous training and experience did not yield completely satis¬ 
factory answers to the needs of the war situation, they did at least en¬ 
able us to get adapted to these needs in many ingenious and practical 
ways. We shall attempt to discuss these advances made during the war 
under four major headings. 

Extension of Basic Clinical Eooperience. The experience of psycholo¬ 
gists who worked in the Medical Corps, and especially in the Neuropsy¬ 
chiatric Division, was broadened and deepened in at least three ways. 
The most obvious of these was in the extension of clinical practice to a 
large number and a great variety of neuropsychiatric and special medical 
cases. These cases differed from those usually seen in state institutions 
or in community clinics. They were essentially non-institutional cases, 
young adults representing a cross-section of the healthiest segment of 
our population. There were relatively few chronic neurotics and deteri¬ 
orated psychotics but there were many acute neuroses and neurotic re¬ 
actions and many acute or incipient psychoses. In civilian life, we rarely 


* Prtf.nt address: D6Pftrtm.iit of Psychotogy* TTidversity of Mfcbiguif A nn Arbor* Michigan* 
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had the opportunity of examining or treating such people. They were in 
the borderland of psychiatry or even beyond these borders and rarely 
came to the clinic or hospital. In addition, however, there were many 
supposedly non-neuropsychiatric cases, the many general medical cases 
who manifested psychosomatic disturbances or were ^^cured**’ medically 
but did not get well. There were also hundreds of cases of diagnosed 
aphasia, hundreds of paraplegics and thousands of amputees, blinded, 
deafened and the like, as well as large numbers of cases with recent brain 
damage. 

Clinical psychologists had worked with few such cases, from the young 
adult population, prior to the war, and they soon learned that the pre¬ 
viously used tests, differential signs and clinical symptoms could not be 
applied directly to these individuals. Moreover, they were confronted 
■with individuals coming from all parts of the country, with extreme vari¬ 
ations in education, social experience, and occupational background. 
These background variations may have been .known to psychologists 
from their clinical literature, but few of them had ever been confronted 
by such variations in their home communities. 

A second aspect of the extension of clinical experience was in the 
field of guidance and therapy. Although in many cases psychologists 
were unprepared or only partially prepared to offer therapy, the tremen¬ 
dous number of cases requiring therapeutic care compelled the use of 
clinical psychologists in therapy. In a survey made by the writer during 
the last year of the war, it was found that clinical psychologists assigned 
to army medical installations were devoting, on the average, 25 per cent 
of their total duty hours to psychotherapy. Their roles in therapy varied 
largely in accordance with their training and interests and, to a con¬ 
siderable extent, -with the attitudes of the psychiatrists to whom they 
were responsible. Most therapeutic work was on an individual short¬ 
term basis, averaging 5 to 10 sessions per patient. The second largest 
type of therapeutic aid given was in group therapy, which was explored 
more fully in the war than had ever been the case previously. Some psy¬ 
chologists directed comprehensive rehabilitation programs inv'olvdng the 
use of fairly large numbers of ancillary workers. 

^ Such diversified therapeutic programs offered psychologists oppor- 
txmities they were often denied in civilian practice. They had to learn 
while they worked, and learn they did in more ways than one. It is not 
possible to discuss in this report the varied types of therapy employed, 
because of lack of space. Suffice it to say that, despite the extensive ex¬ 
perience many psychologists had had in the Army, most felt that they 
could profit from further systematic study of this field, supplemented 
by appropriate extensive clinical experience. As an aside, it may be in¬ 
dicated that group therapy, and by this I do not mean simply group 
mental hygiene discussions, was found to be a much more worth-while 
procedure than many had anticipated, and in some cases group therapy 
became the therapy of choice. 
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A third type of extension of clinical experience was found in working 
as a member of a neuropsychiatric team. To many psychologists, the 
team concept was a new one. By army directive, psychologists became 
members of a team consisting of at least a psychiatrist, a psychologist, 
and a psychiatric social worker. These members had to learn to work 
together, to supplement each other, and to accept designated responsi¬ 
bilities. 

There was, and still is, considerable difference of opinion, and even 
confusion, about the team concept. In some cases, personal and pro¬ 
fessional jealousies jeopardized the functioning of the team and did not 
bode well for the patient. On the whole, however, the concept of the 
neuropsychiatric team, which did not arise in the war but was certainly 
strengthened during it, was accepted, and the teams functioned harmoni¬ 
ously. Partly as a result of the war experience, the main problem todav 
seems not to be whether to accept the team concept in neuropsychiatric 
practice, but rather defining and analyzing the concept more ade¬ 
quately. 

The extensions of clinical experience which we have discussed suggest 
important implications for training and research, which are not, how¬ 
ever, within the scope of this paper. 

Psychometric Problems, No attention will be given in this report to the 
numerous screening tests and the special trade and aptitude tests and 
other assessment procedures developed by both the x\rmy and Na\ 7 . 
Noteworthy as these methods were with respect to theory of testing and 
methods of test construction, they were not essentially clinical instru¬ 
ments. We shall confine our inspection to individual clinical devices. 

In the Army, according to a survey made by the writer, clinical psy¬ 
chologists devoted about 30-35 per cent of their time to indmdual test¬ 
ing of intelligence, personality, special disabilities, and the like. This 
was their most important function in terms of both time and significance. 
However, the psychologist was no longer a mere psychometrist. He was 
essentially a psychodiagnostician. Numerical scores on tests assumed 
their rightful place in clinical work as minor aspects of the results of 
such testing. On the whole, the very marked emphasis was upon under¬ 
standing the psychodynamics of the patient. To this end, both objective 
and projective tests contributed significantly. In neither case, however, 
was the calculation of a score, the construction of a scattergram, or the 
summation of the quantitative aspects of the test protocol an end in it¬ 
self. These became the bases upon which cues about the personality or 
hypotheses about the patient’s difficulty could be developed. Some cases 
were referred, of course, for determination of possible mental deficiency, 
where some quantitative results were particularly important. Even here, 
however, much more was usually demanded. 

Psychologists made increasing use of observations of the subject dur¬ 
ing the test situation and made qualitative analyses of test responses. 
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In a sense, this was forced upon the psychologist, not only by the insistent 
requests for differential diagnosis, dynamisms of adjustment, and leads 
for therapy, but equally as much by the plain fact that the standard test 
profiles, scattergrams and signs did not fit the cases being referred for 
evaluation. The nature of the problems encountered and the cases re¬ 
ferred has already been noted in the previous section of this report. 
These problems were unique. Old normative data were often inadequate. 
Hence, the more expert psychologists relied more and more upon truly 
clinical evaluation of test and observational data. When this was not 
done, serious errors in evaluation often resulted. 

Hence, it followed that intelligence tests, while used very frequently, 
were more often analyzed for evaluation of the personality than for a 
rating of intelligence. The Army Wechsler Test and later the Wechsler- 
Belle\Tie Scale was the test of choice because it lent itself to such evalu¬ 
ations. As already noted, scatter analysis went an important step be¬ 
yond simple test ratings, but it did not go far enough. The intelligence 
test was analyzed for content of responses and for clinical behavior elic¬ 
ited. Dr. Hunt has stressed the importance of this type of evidence in 
his recent paper in the Journal of Clinical Psychology."^ The writer 
wishes to confirm Hunts’s conclusion that there is far too little published 
material concerning the qualitative data yielded by the individual in¬ 
telligence test. This lack becomes increasingly important in view of the 
developing function of the neuropsychiatric team and the increasing 
emphasis placed upon the diagnostic skill of the psychologist. 

ftojective tests of many kinds were used extensively during the war 
and were relied upon more heavily than any other type of test for inten¬ 
sive personality evaluation. It is the writer^’s opinion that this type of 
test wiE be used much more extensively as a result of the war experience 
and that a great deal of research with many kinds of projective devices 
will be done in the near future. The possibilities of analyzing not only 
personality structure, but also specific complexes, conflicts, ideations 
and attitudes are indeed tremendous. We are only on the threshold re¬ 
garding our use of this method. While much of the data yielded by such 
tests can be obtained in intensive psychotherapeutic work, these data 
can often be secured more quickly and more completely by projective 
analysis. 

With respect to the problems of aphasia and mental deterioration, 
our military experience has comunced many that the psychological tests 
for these conditions are hardly adequate. On the basis of this experience, 
several studies have already been undertaken to gain a better under¬ 
standing and to develop more suitable tests than were heretofore avail¬ 
able. 

Clinical Procedures. We have already alluded to changes in clinical 
procedures in previous sections of this report. Only one aspect of this 

* See Hunt, W. A. 1946. The future of diagnostic testing in dinical psychology. J. Clin. Psychol. 2: 
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problem 'vvill be discussed here. There appears to be a fairly sharp division 
of opinion concerning the organization of test schedules or batteries of 
tests to meet the needs of clinical work. One group suggests the routine 
use of a comprehensive battery of tests for all or most patients. This 
battery is supplemented occasionally by special tests in exceptional cases. 
Some of the arguments in favor of such a procedure are: (JQ comparable 
data on a number of tests become available for research; (2) a routine 
battery of tests offers a systematic check on the most important phases 
of the patient’s personality; and (3) the psychologist gains familiarity with 
the battery and is more readily able to integrate the findings success¬ 
fully. These advantages are real and important. However, the war ex¬ 
perience has convinced the writer that such a procedure generally is 
wasteful of both the patient’s and the examiner’s time and that it does 
not provide for the more detailed probing required in psychiatric illness. 
This experience suggests the advisability of tailoring the battery to the 
individual requirements of the case. Different kinds of cases require 
markedly different batteries of tests. It is a gross waste of time to test 
routinely with the entire battery for all cases. Moreover, special atten¬ 
tion can be given to those aspects of the problem needing further anal¬ 
ysis. In some cases, indeed, only one or even no tests at all need be 
given. If equal amounts of time are expended with each method, the 
latter approach, requiring careful prior analysis of the needs of the par¬ 
ticular patient, will probably reveal more important data for the time 
allotted, since only the area about which some question is raised will be 
explored. There is also the danger in the routine use of a battery that 
the approach will become mechanical and significant clues neglected. 
The flexible battery invites the development of sensitmty to the needs 
of the case and of adaptations of tests and test batteries to fit those 
needs. In any case, whether one accepts the first or the second view, it is 
clear from our experience during the war that we can expect the develop¬ 
ment of new types of test batteries for varied clinical use. 

Clinical Theory a7id Nosology, Eelatively little that is new was learned 
concerning the theory of psychiatric illness. In the main, the contribu¬ 
tion of the war experience was to highlight certain conceptions and to 
afford an opportunity of testing some therapeutic approaches, i.^., 
shock therapy, narcosynthesis, hypnoanalysis, and the hke. Although 
they had been known previously, the war sharpened some concepts con¬ 
siderably. For example, the distinction between ^Hraumatic reactions” 
and chronic neuroses became much clearer and the distinctions between 
^^acute psychotic episodes” and ‘‘’essential psychoses” became more evi¬ 
dent. The effects of recent traumatic brain damage were studied inten¬ 
sively and on a wide scale. The psycholo^st contributed to the charting 
of these distinctions, and much of the exploratory work remains to be 
published. It was as if a great experiment in evaluating the effects of 
sudden and of prolonged trauma upon personality structure and func- 
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tiori -vvas being conducted. Conventional psychiatric labels were often 
wholly inappropriate, so that new nosological classifications had to be 
and were developed. The role of certain etiological factors in break¬ 
down, especially the breakdown of the so-called “normal adult,” was 
studied, if not systematically, at least extensively. As classification of 
mental illness improved, diagnostic techniques also tended to improve. 
Some of these advances have already been reported fuUy in psychologi¬ 
cal and psychiatric literature in the past 2-3 years and need not be re¬ 
peated here. 


Summary 

The impact of the war upon clinical psychology has been great, al¬ 
though no startlingly new developments took place. The extension of 
the boimdaries of clinical psychology, the deepening of experience with 
tests as diagnostic instruments and with psychotherapy, the adaptation 
of clinical techniques to meet diverse problems of new types, and the 
improvement in our knowledge concerning the theory of mental illness 
are all resultants of this impact. Inadequacies in our present clinical 
knowledge and, in particular, in our training programs have been em¬ 
phasized. One thing more needs to be added: The profession of clinical 
psychology, as a professional group, was ill prepared to meet the needs 
and the opportunities created by the war. Clinical psychology was not 
represented at the highest levels of military command until late in the 
war, and even then not adequately. However, the war has sen’ed as a 
great catalytic agent in the development of clinical psychology, and its 
effects will be e\’ident for manv years to come. 



FUTURE TRAINING IN CLINICAL 
PSYCHOLOGY 


By JAMES G. MILLER 

Clinical Psychology Section, Veterans Administration, Washington, D, Q, 

T he tremendous increase in demand for the ser\ices of professional 
personnel qualified to take part in the care of neuropsychiatric 
illnesses results from an increased ability, on the part of both physicians 
and laity, to recognize the presence of these disabilities; from a greater 
\villingness of the general public to admit that they are suffering from 
such disturbances—a consequence of the general educational campaign 
which has caused them to be viewed more understandingly; and aSo 
perhaps from changes in the cultural patterns of this modem age which 
may seiwe to raise the incidence of such illnesses. Whatever the causes 
for this demand may be, it is clear that the medical profession cannot 
adequately meet it alone. The serxices of clinical psychologists, psy¬ 
chiatric social workers, and related professions ^rill be needed in very 
large numbers, besides the skills of neuropsychiatrists. 

Before the war, clinical psychologists were employed sporadically in 
private hospitals, clinics, and guidance centers, as well as in state hos¬ 
pitals and clinics. Only a handful were employed by the federal govern¬ 
ment. In private and state institutions, the demand for clinical psychol¬ 
ogists is growing rapidly, but the most dramatic outgrowth of the 
war has been the expansion of large government programs in this field, 
particularly in the United States Public Health Ser\’ice and the Vet¬ 
erans Administration. Eventually, the program of the Public Health 
Service in its central and decentralized aspects may well be larger than 
that of the Veterans Administration, since it has responsibility for the 
mental health of seven-eighths of our population. The Veterans Adnain- 
istration has responsibility for only one-eighth, but its rapid expansion 
immediately at the end of the war has enabled it to get under way earlier. 

It is expected that clinical psychologists in the Veterans Administra¬ 
tion will be employed in at least five sorts of installations—general 
medical and surgical hospitals, neuropsychiatric hospitals, mental hy¬ 
giene clinics, aphasia centers, and paraplegia centers—the latter two lo¬ 
cated in general medical and surgical hospitals. In these installations, 
they will work in the neuropsychiatric team, sharing a large part of the 
responsibility for diagnosis, research and therapy in connection with the 
psychiatric and psychological care of the veteran. Intensive efforts have 
been made by the Veterans Administration to recruit clinical psycholo¬ 
gists, but these were doomed to poor success since the organization could 
effectively employ at least twice as many qualified clinical psychologists 
as there are in the whole country. The only solution to the great short¬ 
age in this field was obviously the establishment of a training program. 

[913] 



914 Annals: New York Academy of Sciences 

The Veterans Administration has therefore determined upon the policy 
of sponsoring a large-scale training program leading to the doctoral de¬ 
gree in clinical psychology in collaboration with those universities ac¬ 
credited by the American Psychological Association in this field. In 
1946-47,22 such universities cooperated with the Veterans Administra¬ 
tion, taking 218 trainees. In 1947-48 the number “of universities is S6 
and the number of trainees 468. 

Duties for which the Neuropsychiatric Team must he Trained, The 
training in psychological fields made necessary by the clinical programs 
now developing may reasonably be discussed at two levels: first, what 
would be desired if circumstances were entirely favorable; and second, 
what can be accomplished out of the realities which prevail at present. 
In all likelihood, it will be possible gradually to improve the existing 
situation so that it approaches the ideal more nearly. 

Let us first consider what would be the most satisfactory of all pos¬ 
sible training centers in the field of professional psychological studies. 
At first, it would seem to be where every student receives full training 
in at least psychiatry, psychology, and psychiatric social work, three of 
the fields of application of the psychological sciences necessary to carry 
out the clinical responsibilities of any large neuropsychiatric program. 
Individuals receiving this inclusive education would be qualified to per¬ 
form all, or nearly all, the duties involved in caring for psychiatric pa¬ 
tients. This is a long list of functions, including arranging for intake, 
determining the chief complaint, obtaining the present history, taking a 
physical and psychiatric anamnesis and review by systems, getting cor¬ 
roborative history and other facts from the patient’s family and fHends 
or from institutions with which he has had contact; performing physical 
and neurological examinations; determining the mental status; request¬ 
ing or performing indicated medical laboratory tests; carrying out neces¬ 
sary psychological examinations; making a diagnosis and prognosis; con¬ 
ducting therapy; directing occupational, recreational, physical, and other 
adjunctive therapies; doing research directed toward impro\ing avail¬ 
able clinical techniques; arranging for disposition of the patient; doing 
case work with his family and firiends as required; and following the pa¬ 
tient’s later course for purposes of further treatment, maintaining records, 
and research. 

The fact is, however, that it is not feasible for all this to be done by 
one individual. Even if one person could perform all these tasks at the 
highest level of professional accomplishment which has been reached— 
and no one could—it would still be true that division of labor is more 
eflBicient, for it has often been shown that a professional team can deal 
with a larger number of patients than they could if each person worked 
independently. Specialization has become a recognized necessity through¬ 
out the medical sciences, and the complexity of the clinical services 
which should be offered in the psychological field indicates clearly that 
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there must be specialization here also. For the most satisfactory care of 
mental patients, the adoption of the neuropsychiatric team, made up of a 
minimum of three professions—psychiatrists, clinical psychologists, and 
psychiatric social workers—is inescapable. 

Another obvious fact leading to the same conclusion is that there are 
few individuals of sufficient motivation, economic security, or emotional 
stability to complete the years of study necessary for such inclusive 
training. Accomplishing complete education in all these fields is a uto¬ 
pian goal which can be met, at best, by very few. 

Let us include specialization in our ideal professional situation, there¬ 
fore, and attempt to determine the most satisfactory allocation of tasks 
to each of the three specialist groups. In doing this, we shall neglect 
such crass human considerations as restrictions of licensing, professional 
jealousies, and resistance to change, assuming naively that the sole con¬ 
cern of all is the welfare of the patients. 

An Effort to Distribute the Duties Ideally, One distribution of respon¬ 
sibility for which precedent could be found would be for the psychiatric 
social worker to perform necessary intake tasks, make arrangements for 
disposition of the patient at the end of treatment, and see that he is 
available for follow-up, leaving the psychiatrists and clinical psycholo¬ 
gists to divide responsibility for the other care of the patient. Conceiv¬ 
ably, this arrangement might be satisfactory, but it is e\ident that such 
a division of labor creates problems. 

For one thing, the patient has family and fnends and is a component 
of society. There are reciprocal relations between the patient and those 
who constitute his emdronment, and whenever there is mental malad¬ 
justment in one person there must also be some maladjustment in those 
he contacts. If the husband is ill, the wife is affected; if the child has 
symptoms, they may be the symptoms of his mother’s iUness. Frequently, 
arbitrary considerations determine which member of the involved group 
is considered to be the patient and is treated by the psychiatrist. It may 
be the one who has the most overt symptoms; the one most willing to 
consult a doctor; or the one who came to the hospital for a medical con¬ 
dition and was referred to a psychiatrist. It may be that only the veteran 
in a maladjusted family can be treated, because only a veterans’ clinic 
is nearby; or it may be that only the child can be seen, at a neighboring 
children’s clinic. Traditionally, social workers do “case work,” which is 
often a kind of therapy, with the non-patient members of the family. 
Since the selection of the patient is so arbitrary, however, no difference 
should ideally be permitted between the training of persons who treat 
non-patient members of the family and those who treat the patient. The 
fact that a social worker has the psychiatrist to turn to when she encoun¬ 
ters difficulties may mitigate this inequality, but there is clear injustice 
unless all members of a maladjusted family group are cared for by in¬ 
dividuals with the same sort of training, whatever that may be. 
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In making disposition of patients, one of the important tasks of social 
workers in the Veterans Administration and elsewhere is finding them 
jobs. In an ideal treatment center, persons doing this would have to be 
conversant with the whole range of possible vocations, know job de¬ 
scriptions accurately, and be able to administer and interpret vocational 
tests. Social workers are not at present trained in this field and, there¬ 
fore, in ideal situations vocational psychologists would have to be em¬ 
ployed for this part of disposition. For these few reasons, out of many 
which could be mentioned, we can see that the social worker'^s job can¬ 
not easily be categorized as ‘“‘'intake and disposition.” 

Recognizing that this is not a satisfactory definition of the scope of 
the social worker, let us, nevertheless, proceed to consider a possible 
distribution of the remaining duties, again dealing with a division of 
labor which can find plenty of precedent. Suppose that, in our clinic, 
the clinical psychologist does psychological testing and the psychiatrist 
carries out aU other aspects of clinical care, from taking the chief com¬ 
plaint to returning the patient to the social worker for final disposition. 

Such an arrangement might be workable if there were not more to 
psychological diagnostics than administering tests and adding up the 
scores. Much clinical skill is required in reporting even a simple I.Q. to 
make allowances for the patient’s linguistic handicaps, the extensive¬ 
ness of his education, his eyesight, his socio-economic background, his 
physical health, his rapport with the tester, and many other considera¬ 
tions. Interpreting the Rorschach test or other projective procedures is 
much more complex. Relating objective diagnostic findings to the cir¬ 
cumstances of the individual case can be done only if the interpreter has 
had enough clinical experience to understand thoroughly the problems 
of human personality and mental disease. Interpretation of psychologi¬ 
cal diagnostic procedures can best be done by the one who has admin¬ 
istered them, but if the psychologist has done only routine testing he will 
be unable to make the most of his procedui’es. 

If the psychologist is to be an ancillary technician in the complexities 
of psychiatric diagnosis, it must be in the way that the radiologist, 
rather than the laboratory biochemist, is a technician. In general medi¬ 
cine, it is clearly understood that the man who interprets x-rays must 
have a broad background including the whole range of clinical experi¬ 
ence. The same is true of the psychological diagnostician of the future— 
the nuances of these diagnostic problems are too many and complex to 
be learned in the fastnesses apart from patients which can more reason¬ 
ably be occupied by biochemical technicians. The psychological diagnos¬ 
tician who does not constantly submit his findings to the validation of 
the therapeutic course rapidly becomes removed from clinical reality, 
sterile, and esoteric. 

Another consideration which relates to the advisability of limiting the 
role of clinical psychologists to testing and delegating nearly aU other 
responsibilities to psychiatrists is that most training for psychiatrists 
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offers little opportunity for them to become conversant vdth psycholog¬ 
ical principles. They may take a course or two in psychology in college 
and one of the very feeble courses in this subject which some medical 
schools offer, but they are not thoroughly grounded in the vide field of 
experimentation and investigation which, at present, forms the system¬ 
atic science of psychology. The average well-trained clinical psycholo¬ 
gist knows more about the ''physiology of the mind,"’ the normal func¬ 
tioning of the personality, and related topics than does the average 
well-trained psychiatrist. At present, psychologists can contribute a 
great deal to interpretation of all sorts of behavior from such a back¬ 
ground, and if the psychiatrists do not have this knowledge available to 
them, either from their own intensive study or from the comments of 
colleagues in the neuropsychiatric team, their handling of patients will be 
less effective. The systematic body of facts collected by investigation in 
the fields of experimental, physiological, comparative, child, social, and 
personological psychology are capable of innumerable sorts of clinical 
application. A beginning has scarcely been made in employing in the 
clinic the findings of the laboratory on such matters as maturation, per¬ 
ception, learaing, memory, motivation, group behanor, and manv 
others. 

Because the region of the mental sciences is so little explored, empha¬ 
sis on research should be of paramount importance in every psychiatric 
center. Much diagnostic and therapeutic work in psychiatry is so feeble 
that tremendous investigative efforts should be made to catch up with 
the other divisions of medical science. In most of these other divisions, 
there are many M.D.’s or Ph.D.’s trained in laboratory and clinical in¬ 
vestigative science who devote a large part of their energies to advanc¬ 
ing the field. Some of these not only understand experimental proce¬ 
dures but also have had clinical experience, which makes them more 
effective. The vast majority of psychiatrists lack the necessary training 
for research, and, because experimental institutes and laboratories in 
psychiatry are almost unheard of, it is understandable that their train¬ 
ing has not motivated them for it. Many psychologists—by no means all 
—on the other hand, because of their professional pliilosophy and tradi¬ 
tions, are intensely eager to do research. They are acquainted, by ex¬ 
perience, with a number of methods applicable to clinical investigation 
concerning which most psychiatrists are ignorant. Unfortunately, they 
usually have not tried to get, or have not been permitted to obtain, suflS- 
cient clinical experience to enable them to apply this knowledge effec¬ 
tively. In their ignorance, they are likely to be supercilious and unreason¬ 
able in the demands for precision which they make of clinical research. 
Unless they take an integral part in clinical operations of all sorts, they 
will not be able to get the experience which will enable them to make the 
most satisfactory applications of their method and to fit it into normal 
clinical routine so that it will be beneficial rather than harmful to in¬ 
dividual patients. An alternative is to make psychologists out of psychi- 
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atrists, so that they will be equipped with this technical background so 
valuable for research. 

The conclusion to be drawn from this discussion of the ideal arrange¬ 
ment for rendering psychiatric ser^dces is that some degree of specializa¬ 
tion is desirable from the point of \iew of efficiency and thoroughness of 
operation. However, it is not possible or desirable, even in an ideal set¬ 
up, to delimit sharply the activities of social worker, clinical psychologist, 
and psychiatrist. It is important for them to have certain types of over¬ 
lapping functions. Such overlap must be recognized in ideal job descrip¬ 
tions for the three professions. When we can approximate such descrip¬ 
tions, we may proceed to consider what education each group should 
have in order to fulfil its ideal role. Finally, we may try to discover how 
closely it is possible, at present, to attain such ideal training. 

Differences in the Backgrounds of the Professions, Let us deviate, at 
this point, to obser\"e the present differences in background among the 
three professions. First, there are striking differences in education. Psy¬ 
chiatric social workers complete two years of graduate work to a master’s 
degree. Chnical psychologists now usually complete three or four years 
of graduate education to a doctor’s degree. Psychiatrists complete four 
graduate years for the M.D. and then have one to six years of further 
training, largely clinical. This is a wide discrepancy in the amount of 
preparation. 

Characteristically, schools of social work base their curricula on the 
assumption of undergraduate training in related fields. This has the ef¬ 
fect of lengthening professional training by beginning it before the 
graduate years. Most of these schools prefer or require for matriculation 
some systematic sequence of courses in the social and biological sciences, 
including sociology, anthropology, psychology, history, government, 
economics, and biology. The graduate work founded on this includes 
courses, reading, and field exercises designed to give training in the fol¬ 
lowing areas: psychology, usually so taught as to emphasize the dynam¬ 
ics of personality mechanisms, and commonly not presented at an ad¬ 
vanced level or by highly qualified psychologists; public welfare and 
administration; community organization; social agencies and institutions, 
public and private; social statistics, including extremely elementary 
instruction in research techniques and in the sorts of procedures neces¬ 
sary for compiling socio-economic data into tables and charts; elemen¬ 
tary medicine, introductory psychiatry, and basic legal concepts rele¬ 
vant to social work; and economics. 

The most significant part of the preparation of psychiatric social 
workers, however, is not courses but carefully supervised practical train¬ 
ing in psychiatric case work. This involves detailed analysis of inter¬ 
views, in many ways like the apprentice training of some psychiatrists, 
as well as practical direction as to how the many resources at the com¬ 
mand of the social worker can be most effectively employed for the wel- 
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fare of the patient. Though an entire year of supervised internship, the 
student, under direction, learns by his o^vn mistakes. Throughout all of 
this, a dynamic approach to human personality is adhered to, which is 
more commonly than not doctrinaire, being cast into the Freudian, the 
Rankian, or some other theoretical system. While the graduate training 
of social workers is officially two years in length, actually it has been 
traditional in the profession to continue this apprenticeship into the early 
years of full-time employment. This on-the-job training directed by case 
supervisors, even if not of formal character, is nevertheless an important 
educational experience, and it is important to realize that the two gradu¬ 
ate years in social work are by no means the end of the preparation of a 
conscientious worker. 

A final item in the education of a social worker often has been a psy¬ 
choanalysis. Some schools have strongly opposed such training, while 
others have exerted such pressures in favor of it that their students 
have felt it to be essential, although there has not been any official re¬ 
quirement. Commonly, such pressure has been for personal rather than 
didactic analyses, and most of the analyses of social workers have not 
been of the training type, though of course they could not help but have 
educational importance. Though there has been, in recent years, per¬ 
haps more general acceptance of the value of psychoanalyses, it is prob¬ 
able that a smaller percentage of social workers are receiving them now 
than were ten years ago, because they are at present so difficult to obtain. 

The training of clinical psychologists involves a markedly different 
subject-matter. Specific course work usually begins in undergraduate 
college and continues into graduate school. It includes beginning, ab¬ 
normal, and experimental psychology; psychology of learning, percep¬ 
tion, motivation, and the higher mental processes; theoretical systems 
in the psychology of personality and clinical psychology; mental hygiene; 
the administration of objective tests of intelligence, attitudes, aptitudes, 
and other traits; the use of projective techniques and other diagnostic 
procedures including mental status examinations; theory of interview¬ 
ing and psychotherapy; statistics; theory of test construction, experi¬ 
mental design, and scientific method. Practical experience is given in the 
construction of educational, vocational, industrial and clinical testing 
procedures; in the use of all these methods; and in the conducting of in¬ 
dependent research. Supervised internships of various lengths usually 
involve the application of diagnostic rather than therapeutic methods. 
Frequently, courses in related fields such as human biology, physiology, 
cultural anthropology, and sociology are required. There is a highly 
academic insistence on developing skills in foreign language and on pre¬ 
paring a dissertation. Much greater emphasis is laid on preliminary, 
comprehensive, and oral examinations than in the schools of social work 
or psychiatry. Occasionally, clinical psychologists consider a psychoanal¬ 
ysis important in their education, but this is not emphasized as much as 
it is in social work or psychiatry. 
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The first obser\atioii we make in considering the training of psychia¬ 
trists is that there are several accepted routes to becoming a member of 
this profession. All ha^ e the first portion in common, which is the four 
years of medical school. In typical medical schools during these four 
years, usually less than one-twentieth of the time is devoted to clinical 
psychiatry, and occasionally a brief course in psychology is added. Cer¬ 
tain skills and attitudes gained in practicing clinical medicine can be 
transferred to the practice of psycMatry and are of great importance. 
These include knowledge of the nature of illness; experience as to how 
human beings of various types react to their diseases; a comprehension 
of how to approach patients; an understanding of clinical method; an 
ability to bear responsibility for decision concerning their welfare—a sort 
of esprit de corps of medical integrity comparable to the morale incul¬ 
cated into the cadets at West Point. Though they do obtain much rel¬ 
evant to psychiatric practice in medical school, it is a fact that, at pres¬ 
ent, medical students learn little direct psychiatry beyond an elemen¬ 
tary understanding of diagnostic categories. 

Three common roads lead to a career in psychiatry after medical 
school. The first includes a medical, neurological, or rotating internship 
together with further training in neurology. The primary interest of 
such doctors is in neurology and neuropathology, but, since they find 
that a large proportion of their practice is psychiatric, they are forced by 
practical considerations to call themselves neuropsychiatrists. Ha\ing 
had little psychiatric instruction, they usually take a ^‘’common sense” 
approach to such problems and rely heavily on advice, reassurance, 
vitamins, and trips to the country. With their ^‘’organic” neurological 
background they frequently express outspoken antipathy for any other 
type of psychiatry. 

Second, there is the ^^state hospital” approach to psychiatry. After 
medical, rotating, or other types of internships, these physicians go to 
hospitals where most of the patients are psychotic. Their interest be¬ 
comes largely focused on diagnosis, often in Kraepelinian terms, on legal 
questions, custodial care, and final disposal of the patient. It is the sober 
truth that, with the exception of shock treatment and a few other less 
mdely employed procedures like prefrontal lobotomy, there is and has 
been no serious therapeutic attempt in most of these hospitals, largely 
because of the unresponsiveness of these illnesses to therapy and be¬ 
cause the doctors have been so overworked in their other duties. 

Third, there is the ‘“‘dynamic” approach to psychiatry. This post¬ 
graduate training usually consists of a didactic analysis and then an 
apprenticeship under an analytically-minded psychiatrist—review of 
interviews, suggestions on how to conduct the psychotherapeutic course, 
and “control analyses.” In a few rare residencies only can the student 
get a broad selection of opinions and theories, including more than one 
man'*s approach to psychotherapy or the doctrines of more than one 
school of psychiatry. Psychoanalytic institutes, however, conduct 
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courses and seminars in which the viewpoints of a number of instructors 
can be obtained, but the range of their attitudes is usually limited by 
their acceptance of a common basic doctrine. Rare is the inclusion of psy¬ 
chology, sociology, and anthropology in graduate psychiatric training. 

Not only do the three professions of psychiatry, psychology, and psy¬ 
chiatric social work at present vary widely in their training, but ako, 
largely because of these training differences, they have markedly di\er- 
gent motivations. A point of importance about social workers is that 
most of them are women. This largely affects the professional motiva¬ 
tion of the group, just as it does the attitudes of the nursing profession. 
Because they are women, they accept more easily working as submis¬ 
sive subordinates to the doctor and being constantly under the medical 
aegis. This makes for good social relations in the social worker-doctor 
team, but is not unequivocally good for the profession. When, during 
the war, the percentage of males acting as social workers became large 
in the Armed Forces, there was a marked increase in friction between the 
two professions. Physicians from time to time said they were distressed 
at the ^^new pretensions"** of social workers, and the social workers for 
the first time pressed for a clear delineation of their duties, which before 
had not seemed of primary importance. Since most psychologists are 
male, it is likely that there will be more competition between them and 
psychiatrists than there has been in the past between social workers 
and psychiatrists. 

A motivational undercurrent of social work, which springs partly 
from the fact that a high percentage of the profession is feminine and 
partly from the fact that the profession is constantly in contact with 
official and semi-official social agencies, is a strong tendency to work 
toward maintaining the status quo of the social order. An important re¬ 
sponsibility of social workers is to help order the environment in which 
the patient will live, and make disposition of the patient at the end of 
treatment in the way best calculated to do away with conflict. An im¬ 
portant aspect of this is arranging it so that the patient lives in harmony 
with his society, and to do this the social worker is motivated to continue 
the recognized patterns of behavior in societies, whether or not he may 
intellectually wish to accomplish reform by community education or 
legislation. This is a markedly different approach from that of most 
psychiatrists or psychologists, who operate in private relationships 
which do not exert pressures toward conformity as the public contacts 
of the social worker do. 

The largely masculine motivation of psychologists differs vastly from 
that of social workers. Among clinical psychologists, there is undoubt¬ 
edly a greater idealistic urge to help suffering individuals than among 
any other group of psychologists, but even this idealism is commonly 
expressed by them in terms of the discovery of generalizations about 
human personality and mental disease which later is capable of applica¬ 
tion in the individual case. Psychology has dwelt most of its life amid 
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academic towers. It has long professed an idolatry of exact science, of 
predictable law, and of research to achieve these ends. The main stem 
of psychology has by no means felt itself to be a step-child of medicine, 
nor has it emied the role of the physician, except for his prestige in re¬ 
cent years. Rather, older psychologists have viewed clinicians haughtily 
as being beneath them because they are inexact impressionists. They 
have yearned to approach the precision of physiology, hoping some day 
to scale to the heights of accuracy of organic chemistry, physics, astron¬ 
omy, and, above all, pure mathematics. 

Even a superficial survey of the history of psychology reveals impor¬ 
tant facts about present motivation of psychologists. The metaphysical 
beginnings of psychology as a contemplative discipline were soon over¬ 
come by the development of a laboratory science patterned after physi¬ 
ology, begun by Wundt and Helmholtz in the middle of the last century. 
Until quite recently, this experimental approach has constituted the 
central stream of psychology. Emphasis has been placed on psychophys¬ 
ics, sensation and perception of external stimuli, learning, memory, at¬ 
tention, feeling, animal behavior, and similar fields in which precision 
of measurement has been possible. Studies of abnormal behavior, like 
those by Charcot, Prince, Janet, and Freud, have always contributed to 
psychological thought, but these have not received the main emphasis. 
Similarly, interest in group phenomena and the applications of psycho¬ 
logical principles to masses in industrial and personnel psychology has 
been a sideline. In the last decade, there has been a tremendous increase 
in concern with psychoanalysis and all its offshoots, with the counseling 
techniques represented by Carl Rogers and others, and with the person¬ 
alities and mental illnesses of individuals, so that during the war years 
there has been a real revolution, and the clinical psychologists, who 
were once underdogs because they dealt in fields where precision was 
difl5cult,have now become‘^top dogs,” although the demand for precision 
and careful method stiU is loud and there are many different points of 
view in psychology. This divergence in viewpoint among psychologists is 
diluted by the extremely broad range of matters with which they con¬ 
cern themselves, a scope far greater than the treatment of ill or socially 
maladjusted individuals, which is the primary concern of psychiatrists 
and social workers. Today, psychologists are writing advertisements, 
choosing personnel, counseling normal individuals on vocational and 
marital matters, diagnosing and treating mentally ill patients, studying 
characteristics of human sensations, investigating public opinion, gaug¬ 
ing social trends, determining principles of proper education, recom¬ 
mending to engineers how to arrange instrument panels, designing 
houses to suit human limitations and sentiments, analyzing administra¬ 
tive organizations, and devising methods for preventing fatigue and 
safety hazards, as well as carrying out many other diversified activities. 

The professional purpose of psychologists, then, clearly differs from 
the aims of the other professions, though the recent revolution has 
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brought it closer rather than farther away. It differs from the well- 
defined goal of the medical psychiatrist and social worker, which is to help 
the human being who needs aid now. The psychologist characteristically 
hopes to determine principles of normal and abnormal behavior, with 
emphasis on the normal, as precisely as possible, with the expectation 
that once these laws have been determined they can be applied for the 
welfare of men. 

Distribution of Duties Forced by Present Circumstmices, We can now 
consider the training situation in clinical psychology. What sort of edu¬ 
cation in this field is it necessary and feasible to ask a university to give 
at the present time? 

Let us hope, that, by now, most trade-unionism can be dispersed; that 
professional antagonisms will not be so bitter as to be determining fac¬ 
tors; that legal restrictions can be surmounted or circumvented; and 
that assignment of diagnosis, therapy, research, and other clinical activ¬ 
ities can be to the best qualified person, whoever he may be. Let us, 
therefore, neglect such possible hindrances in our present considerations. 

It is impossible, however, to sidestep the tremendous demand which 
exists and which will continue to exist indefinitely for services in clinical 
psychology. The requirements of the Armed Services in the last war 
found the country to be shorter of psychiatric service than of any other 
medical specialty. If the country is to continue adequate mental hygiene 
and hospitalization programs in psychiatry, the supply of psychiatrists 
will be far short for many years. Group therapy alone does not give 
promise of settling the problems of how psychotherapy will be given to 
the masses who need it. Inevitably, whether we want it or not, psychi¬ 
atric social workers and clinical psychologists wiU be called upon to 
assume therapeutic roles. 

A report on an ofiicial Army survey of duties performed by clinical 
psychologists in the Army during the last war indicates that, from Jan¬ 
uary 1945 to April 1946, about one quarter of the time of psychologists 
was spent in doing guidance and therapy. The authors of the report 
state:* 

‘‘‘‘Most of the time devoted [by clinical psychologists] to therapy was 
for individual therapy; the rest of the time was given to counseling and 
to group psychotherapy. It is significant that these therapeutic efforts 
were carried on under the direct supervision of the neuropsychiatrist. 
While, in part, this function represented the desires of psychologists to 
participate in this work, in much larger measure it was the result of a 
tremendous patient load in neuropsychiatric and in neurological sec¬ 
tions which could not be handled by neuropsychiatrists alone, and so 
involved both clinical psychologists and psychiatric social workers. As 
psychologists gained experience along this line, they were used more fre¬ 
quently to meet the emergency needs. The functions of re-education car- 

• Hutt, M. L., & E. O. Milton. The duties performed by clinical psychologists in Army Medical in¬ 
stallations. Bull. Mil. Clin. Psychol. 1: 115, 117.1946. 
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ried by psychologists with aphasic patients and with other physically 
handicapped patients (such as the paraplegics and the deafened) contrib¬ 
uted to the relatively large amount of time devoted to guidance and ther- 
apy. 

‘•‘•Many of the narrative comments supplied by psychologists indi¬ 
cated that they were more interested in careful diagnostic work and 
particularly in clinical research in psychodynamics and psychotherapy 
than in therapy as such. In these areas . . . the psychologist, basing his 
ser^^[ce on sohd training and scientific method, has a far more important 
contribution to make [than in psychotherapy], especially under less 
pressured situations.” 

These last statements undoubtedly represent the majority opinion of 
qualified clinical psychologists. In general, they believe that their most 
important contributions can be in fields other than direct therapy, and 
therefore they hope to evade extensive involvement in psychotherapy. It 
must be admitted that there are a number of clinical psychologists whose 
chief purpose in entering the field, like that of some psychiatric social 
workers, is in order to do therapy—but this is a minority, and the de¬ 
velopmental liistory of psychology makes it clear why this is so. Any¬ 
one follo^ving non-medical roads to therapy merely because they are 
shortcuts (though clinical psychology is not a very short shortcut) of 
course deserves disapproval. 

Is it not reasonable to ask here, however, whether a graduate clinical 
psychologist or psychiatric social worker is not better trained to do 
‘■‘‘dynamic” psychotherapy than the ‘■‘■psychiatrist” who has chiefly a 
neurological background, the “’psychiatrist” with a custodial, state hos¬ 
pital background, or the general practitioner? Some will argue that the 
skills transferred from general medicine to such clinical work are so im¬ 
portant that any physician is better trained for such therapy than any 
layman. One bit of evidence advanced to support this position is that 
the young medical oflScers in the Army just out of their internships who 
were given ninety days of psychiatric training were thought by some to 
make, in general, better therapists than experienced clinical psycholo¬ 
gists. If this judgment is correct, it stiU would be difficult to tell whether 
tills is the result of transfer of general medical training or the conse¬ 
quence of the fact that the prestige of medicine in our society and the 
excellence of medical aptitude tests together serve to select for medical 
training young men of outstanding all-round ability who therefore are 
capable of superior performance in any task they undertake. 

The demand for psychiatric treatment is so great that ten times as 
many psychiatrists as we now have probably could not handle it ade¬ 
quately. Therefore, the doctor must decide which parts of the therapy 
in this field he wishes to handle himself. Does he wish to do occupational 
therapy,recreational therapy, habit retraining, re-education of aphasics, 
other speech therapy, counseling on normal adjustment problems, or vo¬ 
cational counseling? Almost all of these therapies are already recognized 
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to be the province of psychologists or other technicians, and very little 
complaint is heard from physicians. There can be no doubt that these 
are therapies in a respectable sense of the word. 

Even when the psychiatrist delegates all these functions, he still has 
an enormous task in the direct treatment of the more severe mental mal¬ 
adjustments. The jokes about patients growing long white beards wait¬ 
ing to be analyzed and the comments about only the rich being able to 
afford neuroses are not humor untouched with reality. If America is go¬ 
ing to make a serious effort in the next decade to give therapy for mental 
maladjustments where it is needed, large numbers of psychotherapists 
must be trained—more than medical schools %vith their present limited 
enrollments will be able to turn out. There are three possible sources: 
multiply medical school enrollment at least by two; train lay psychother¬ 
apists; or evade the responsibility to give help where needed, as, for in¬ 
stance, we have neglected the scourge of pellagra in certain sections of 
the South. The first course seems highly improbable, at the moment, 
and the last would have many serious consequences, not the least of 
which would be the turning of the ill to the psychological cultists. 

Even if this problem were not so critical, the reasons mentioned above 
as to why a psychologist should do therapy to improve his diagnostic 
and research skills are cogent enough. The conclusion, therefore, must be 
that for both idealistic and realistic reasons the ideal university 'will 
train clinical psychologists in coming years to carry out the following 
three functions; diagnosis, research, and therapy. 

A Specific Training Program. In planning education in the various 
psychological professions, we must accept the principle that each of the 
three chief professions involved should have different training, which 
follows directly from our earlier decision that there should be specializa¬ 
tion. 

We shall not go into detail as to what should be required for social 
workers, except to say that, if they are to do case work such as they 
have done in the past, which often means carrying out extensive therapy, 
they should receive longer and more intensive formal training than they 
have in the past. This preparation should be based on the work they 
are to do, and if their responsibilities are to include therapy, they should 
have the necessary broad background for this, as well as super\dsed prac¬ 
tice (in which social work has been stronger than either psychology or 
psyctiiatry). It is not fair to the patient to have him treated by unskilled 
therapists, using as a rationalization the semantic distinction between 
case work and therapy. 

In the training of psychologists and psychiatrists, there should be as 
much merging of backgrounds as possible. It would be well for modem 
universities to develop graduate schools -with curricula permitting a 
number of individuals who 'wish to have really thorough preparation to 
become qualified in both psychiatry and clinical psychology. A possible 



926 Annals: New York Academy of Sciences 

schedule might be something like the following: two years of liberal arts 
college; one year of advanced clinical psychology, sociology, and cultural 
anthropology; one year of the pre-clinical medical sciences which would 
be comparable to the present first year of medical school. At the end of 
these four years, a bachelor'^s degree would be granted, following which 
the candidate would take the second and third years of medical school 
work and then spend a year in psychiatric clinical work in a general hos¬ 
pital, in a mental hygiene clinic, or in a neuropsychiatric hospital. At 
the end of this time, he would be granted the ^I.D. degree in psycho¬ 
logical sciences. He then would have one year of a rotating psychologi 
cal-psychiatric internship, which would include both psychological ex¬ 
aminations of all sorts and the performance of various psychiatric duties, 
complementary functions of equal status. This would be followed by one 
year of independent research leading to a dissertation, seminars, and 
perhaps a psychoanalysis. At the end of this year, a doctoral degree in 
clinical psychology might well be awarded. Work from this time until 
the can^date qualified for his specialty boards in psychiatr}’- or clinical 
psychology might consist of mixed psychological-psychiatric residencies, 
including work with psychoneurotics, psychotics, psychosomatic pa¬ 
tients, and clinical research. 

There would necessarily be other individuals, and in larger numbers, 
who would want either a psychiatric education alone or a psychological 
education alone. The same graduate school that set up the combined 
program outlined above shoifid be able to give both these latter courses 
of training, because even if the curricula are separate they should be 
closely integrated, since clinical psychologists and psychiatrists should 
learn from the beginning of their training to operate as a team. 

The report on graduate training in clinical psychology made by the 
Subcommittee on Graduate Internship Training of the American Psy¬ 
chological Association and the American Association of Applied Psy¬ 
chology outlines the most satisfactory plan yet suggested.* It begins 
by suggesting that the undergraduate program of students in this field 
should include 20 semester hours in psychology, to consist essentially of 
the standard courses for undergraduates, not including professional or 
advanced work—courses like beginning psychology, beginning abnor¬ 
mal psychology, psychological statistics, learning and perception, the 
higher mental processes, physiological psychology, etc.; 20 semester 
hours in biology, physics, and chemistry; 9 semester hours in mathemat¬ 
ics, through introductory calculus and statistics; 9 semester hours in the 
fundamentals of educational philosophy and experimental didactics; 12 
semester hours in anthropology, sociology, economics, and political 
science; 6 semester hours in the history of culture, philosophy, logic, 
and comparative literature; and enough work in modern languages to 
develop a reading knowledge of two, preferably French and German. 

* Siib^mmittee on Graduate Internship Training to the Committee on Graduate and Professional 
Training of the American Psychological Association and the American Association for Applied Psy¬ 
chology (D. Shakow, Chairman). J. Consult. Psychol. 9: 248-266.1946. 
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Building on this general background, the report suggests a four-year 
graduate program leading to the doctorate, including a full year of in¬ 
ternship, preferably the third year. The courses recommended for the 
first year are general psychology, 6 semester hours; dynamic psychol¬ 
ogy I, 3 semester hours; experimental clinical and dynamic psychology, 
3 semester hours; developmental psychology, 6 semester hours; theory 
and practice of psychological tests and measurements 1,3 semester hours; 
physiological sciences, including physiology, anatomy, neuroanatomy, 
neurophysiology, and endocrinology, 6 semester hours; advanced statis¬ 
tics and qualitative methods, 3 semester hours. In the second year, the 
committee recommends dynamic psychology II, 3 semester hours; ex¬ 
perimental clinical and dynamic psychology 11,3 semester hours; theory 
and practice of psychological tests and measurements, 6 semester hours; 
theory and practice of projective devices, 3 semester hours; therapeutic 
theory and methods, 6 semester hours; methods of case study and anal¬ 
ysis, 3 semester hours; introduction to clinical medicine, 3 semester 
hours; educational and vocational guidance techniques, 3 semester 
hours. The third year consists of an internship with various sorts of psy¬ 
chiatric patients. The recommendations for the fourth year include in¬ 
dependent research leading to a dissertation; cross-discipline seminars 
attended by representatives of psychology, anthropology, sociology, 
psychiatry, etc.; seminars in professional problems, standards, ethics, 
etc., of psychology; and additional courses in psychology as needed to 
round out the individuaPs curriculum. 

The new thinking contained in this report is evidenced in various 
ways: by inclusion of pre-clinical sciences; by emphasis upon training in 
medicine, neuroanatomy, and neurophysiology; by emphasis upon re¬ 
lated fields like sociology and anthropology; and above aU by stressing 
the clinical rather than the academic approach, following medicine in 
teaching as much as possible at the patient^’s bedside. It would not, how¬ 
ever, constitute adequate preparation for independent psychotherapy, 
which would have to be obtained later if required. 

The most satisfactory way to give such a psychological curriculum 
might well be in a separate graduate school for the psychological sciences. 
Here, certain basic graduate courses could be given, and then specializa¬ 
tion could be undertaken in medical or clinical psychology, in pure re¬ 
search and experimental psychology, in social psychology, in industrial 
psychology, or in other areas. There should be close liaison with the 
medical school, the law school and the business school, and combined 
progranas with all of them. 

Psychiatric education needs as radical alterations of the traditional 
program as does psychological education. The changes should begin in 
imdergraduate medical school. First, an inclusive and well-planned 
course in psychology, including laboratory work, should be presented in 
the first year in the same status as the other pre-clinical sciences of nor¬ 
mal function, like biochemistry and physiology. Second, there should 
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also be, to a lesser degree, opportunity for study in sociology and eco¬ 
nomics. Third, since at least half the cases seen by a general practitioner 
have significant psychiatric aspects, certainly psychiatry should be 
taught in every one of the clinical years and should include much more 
emphasis on psychoneurosis and psychosomatic medicine than on psy¬ 
chosis. Fourth, there should be a real course in applied clinical psy¬ 
chology, includmg psychometric testing, the use of projective tech¬ 
niques, and all other methods available to clinical psychologists. Medi¬ 
cal students should have an opportunity to use these procedures in 
order to familiarize themselves with the theory behind them and to un¬ 
derstand the significance of reports based on their use. Fifth, there 
should be courses in biostatistics and in the scientific method. Sixth, 
medical students should be required to do independent investigation, 
resulting in a dissertation in a field of their choice, so that they will 
have respect for, motivation for, and understanding of the importance 
of research. Last, medical students should have the opportunity to 
work as members of the neuropsychiatric team. 

After medical school, interns and residents in psychiatry should learn 
more than how to make diagnoses and give shock treatment. There 
should be instruction in psychoanalytic and other dynamic psychiatric 
concepts. A valuable adjunct to this is the study of literature, art, and 
histoiy from this dynamic viewpoint. There should be instruction in 
psychotherapy both in an apprenticeship under an individual instruc¬ 
tor, and in groups making detailed studies of the therapeutic progress 
of individual cases under the direction of various psychiatrists, so that 
different approaches can be learned. Student psychiatrists should be¬ 
come proficient in organizing and participating in the neuropsychiatric 
team. FinaEy, emphasis upon clinical research should be markedly in¬ 
creased in psychiatry, because of the great need for advancement in 
this field. 

It is clear that all the professions in the psychological field will in the 
future be working together. Thousands need to be trained in each of them. 
The educational programs must be united in a pattern as closely in¬ 
tegrated as the cooperative activities in which their graduates will take 
part. 






